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I.  INTRODUCTION 


B.  Senftzky 

Weber  Research  Institute 
Polytechnic  Institute  of  New  York 
Farmingdale,  New  York  11735 

A  workshop  on  New  Directions  in  Solid  State  Power  Switches  was  conducted 
on  August  28-30,  1985,  by  the  Weber  Research  Institute  of  the  Polytechnic  In¬ 
stitute  of  New  York.  The  workshop  was  sponsored  by  the  Innovative  Science  and 
Technology  Office  of  SDIO  through  the  Office  of  Naval  Research. 

To  meet  the  requirements  of  pulsed  power,  a  number  of  switching  concepts 
have  been  proposed.  Foremost  among  these  have  been  gas  discharge  switches. 
Nevertheless,  solid  state  switches  may  be  more  desirable  because  of  the  poten¬ 
tially  higher  charge  densities  and  greater  speed.  The  use  of  solid  state  de¬ 
vices  to  switch  megavolts  and  kiloamperes  leads  us  into  an  operating  range  in 
solids  which  has  not  been  explored. 

Much  of  the  enormous  body  of  research  in  solid  state  has  been  directed 
towards  understanding  the  operation  of  small  low-power  devices,  and  consider¬ 
ably  less  attention  has  been  given  to  ultra-high  power  switches. 

One  of  the  primary  goals  of  this  workshop  was  to  invite  people  working 
in  different  areas  to  give  papers  on  their  specialties  and  to  establish  tech¬ 
nical  interaction  with  each  other.  The  general  feeling  among  the  participants 
was  that  this  goal  was  accomplished.  Another  goal  of  our  workshop  was  to 
identify  problems  which  require  further  effort.  In  order  to  accomplish  this, 
we  split  up  into  four  working  groups  which  then  reported  their  results  to  all 
the  participants.  Although  it  was  difficult  for  one  to  be  aware  of  all  the 
discussions  taking  place  in  the  individual  working  groups,  it  was  apparent 
that  there  was  a  high  level  of  agreement  among  the  members  of  the  working 
groups  about  the  significant  problems  in  their  areas. 

Our  program  (Section  I)  started  off  with  a  formulation  by  R.  Junker  of 
the  goals  of  solid-state  switching  and  the  need  for  fundamental  research  to 
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support  this  effort.  An  overview  of  space  power  switching  requirements 
(Section  III)  was  presented  by  E.  Kunhardt,  L.  Luessen,  F.  Rose  and  T.  R. 
Burkes.  In  this  overview  some  of  the  pulsed  power  requirements  for  particle 
accelerators,  electrically  driven  lasers,  microwave  generators  and  electro¬ 
magnetic  guns  were  given  and  the  basic  physical  mechanisms  which  control  the 
switching  characteristics  were  discussed. 

The  talks  presented  are  grouped  in  three  sections:  Material  Properties 
(Section  IV),  Photoconduct ive  Switching  (Section  V)  and  Non-Photoconductive- 
Switching  (Section  VI).  In  Section  IV  on  Material  Properties,  there  are 
two  talks  on  new  materials  (R.  Davis  and  J.  Scott)  and  one  talk  on  photo- 
excited  carriers  in  semiconductors  (j.  Meyer).  There  has  been  considerably 
more  work  done  on  silicon  carbide  (R.  Davis)  than  on  the  super-ionic  con¬ 
ductors  (J.  Scott).  As  R.  Davis  points  out,  silicon  carbide  is  a  material 
which  has  many  technologically  significant  properties  such  as  high  operating 
temperature,  high  thermal  conductivity,  high  mobility,  high  breakdown  field, 
and  the  technology  has  advanced  to  the  point  where  pn  junctions  have  been 
fabricated. 

The  second  talk  by  J.  Scott  discusses  optically  activated  switching  in 
crystals  which  he  terms  "super-ionic  conductor",  where  the  conductivity  de¬ 
creases  with  the  incident  light.  The  third  talk  In  this  group  deals  with  the 
transport  properties  of  photoexclted  semiconductors.  In  this  talk  J,  Meyer 
points  out  that  treating  electron-hole  scattering  as  similar  to  electron- 
ionized  impurity  scattering  can  lead  to  considerable  error.  This  fact  is 
very  important  for  device  considerations,  and  it  would  seem  that  further  ex¬ 
perimental  and  theoretical  work  in  this  area  would  be  quite  useful. 

The  photoconduct i ve  switching  talks  fell  into  two  categories:  one  class 
related  to  high-speed  (picosecond)  low  power  devices,  and  the  other  class 
dealt  with  high  power  photoconduct ive  switches.  D.  Auston  ("Picosecond 
Optoelectronics  -  Problems  and  Perspective")  gives  a  summary  of  the  work  on 
extremely  wide  bandwidth  picosecond  optoelectronic  devices  and  the  areas  of 
scientific  research  that  the  availability  of  ultrashort  electrical  pulses 
have  opened  up.  He  also  lists  some  interesting  engineering  applications. 

Since  ultrashort  pulses  require  fast  relaxation  of  photoexcited  charge  carriers. 
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A.  Johnson  ("Picosecond  Relaxation  of  Photoexcited  Carriers  in  Disordered 
Semiconductors")  considers  disordered  semiconductors  which  have  shorter  re¬ 
laxation  times  than  single  crystal  semiconductors.  Because  of  the  picosecond 
times  involved,  wideband  transmission  line  structures  and  electronic  correla¬ 
tion  measurements  with  two  photoconductors  are  used.  At  present  the  low 
mobilities  encountered  in  disordered  semiconductors  cause  the  "on"  state  re¬ 
sistance  to  be  rather  high  although  their  high  dark  resistivity  and  dielectric 
strength  insure  a  high  "off"  state  resistance.  At  first  glance  it  would  seem 
that  picosecond  range  phenomena  is  not  of  interest  in  high  power  photoconduct i ve 
switching,  but  as  indicated  by  E.  Kunhardt  in  his  overview  paper,  the  maximum 
switch  dissipation  occurs  during  turn-on  and  turn-off;  therefore,  the  ideal 
switch  should  have  as  rapid  a  turn-on  and  turn-off  transient  as  possible.  The 
study  of  these  transients  is  the  subject  of  the  paper  by  W.  R.  Donaldson  and 
G.  Mourou  ("Problems  in  Picosecond  High  Voltage  PHotoconductive  Switching"). 

The  authors  conducted  studies  with  ultra-fast  laser  pulses  on  silicon  and 
gallium  arsenide  switches  which  are  turned  on  by  a  laser  pulse  and  turned  off 
by  the  electrical  discharge  of  a  transmission  line.  Studies  were  also  con¬ 
ducted  on  the  effect  of  contacts  on  the  leakage  properties  of  silicon  switches. 

The  next  talk  entitled  "Photoconductor  Switching:  Some  Physical  Mechan¬ 
isms"  by  Robert  B.  Hammond  relates  the  physical  mechanisms  of  silicon  resis¬ 
tivity,  free  carrier  absorption  and  electron-hole  pair  density  to  such  device 
properties  such  as  risetime,  efficiency,  on-time  and  temperature  control. 

The  following  talk  by  W.C.  Nunnally  ("High  Power  Photoconduct i ve  Switch  Ap¬ 
plications")  summarizes  the  requirements  and  limitations  of  very  high  power 
photoconduct ive  switching  and  describes  some  novel  techniques  for  photoexci¬ 
tation.  Yhe  final  talk  delivered  by  Chi  H.  Lee  ("Optically  Activated  Semi¬ 
conductors  as  Repetitive  Opening  Switches"  -  E.  A.  Chauehard,  M.  J.  Rhee  and 
Chi  H.  Lee)  analyzes  the  properties  of  an  opening  switch  using  GaAs  and 

I  GaAs:Fe  which  has  achieved  a  turn-off  time  of  1  ns. 
n 

Switching  by  non-photoconduct ive  techniques  is  the  subject  of  the  talks 
in  Section  VI.  The  first  talk  by  V.  Temple  ("The  MOS  Controlled  Thyristor,  a 
New  Switching  Device")  considers  a  new  class  of  power  devices  which  is  based 
on  a  combination  of  MOS  and  thyristor  elements.  Some  of  the  techniques  of 
dealing  with  the  limitations  imposed  by  surface  breakdown,  such  as  bevelling 
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and  field  rings  are  discussed.  The  next  talk  by  M.  Pocha  ("Avalanche  Break¬ 
down  Mechanisms  and  Application  to  Switching  Devices")  considers  surface 
breakdown  as  well  as  bulk  breakdown  in  more  detail.  Both  primary  and  secondary 
breakdown  are  discussed,  and  a  diode  switch  based  on  the  second  breakdown 
phenomenon  which  has  achieved  a  peak  amplitude  of  2800  volts  (56  amps)  and  a 
risetime  of  less  than  0.5  ns  is  described.  The  last  talk  in  this  session 
entitled  "Thermal  Switches  for  Pulse  Power"  by  M.  Kahn  and  R.  Ford  was  de¬ 
livered  by  M.  Kahn  who  considers  the  requirements  for  opening  switches  in  in¬ 
ductive  storage  power  supplies.  Two  types  of  material:  carbon  filled  polymers 
and  barium  titanate  are  studied,  and  a  detailed  discussion  of  failure  mechanisms 
is  presented  in  this  talk. 

The  second  half  of  the  program  was  devoted  to  group  discussions  aimed  at 
identifying  needed  research  directions.  G.  R.  Sundberg  chaired  the  group  on 
Potent iai  Materials  for  Solid  State  Switches  in  Section  VII.  This  group  sum¬ 
marized  proposed  research  directions  in  Table  k. 

R.  B.  Hammond's  group  considered  the  various  relaxation  mechanisms  that 
can  play  an  important  role  in  photoconduct ive  switching:  dielectric  relaxa¬ 
tion,  carrier  trapping  and  thermal  emission,  carrier  recombination,  carrier 
transit  time  related  relaxation  mechanism,  time  and  intensity  dependent  optical 
absorption  and  filament  formation.  Many  of  these  mechanisms  need  further  in¬ 
vestigation. 

Volume  and  surface  breakdown  problems  were  discussed  by  a  group  chaired 
by  M.  D.  Poc^^a.  There  was  a  consensus  in  the  group  that  surface  breakdown 
was  one  of  the  fundamental  problems  facing  high  power  photoconduct i ve  switches 
and  requires  further  study.  Some  physical  mechanisms  that  effect  surface 
breakdown  such  as  the  ambient  surroundings  and  field  inhomogeneities  at  con¬ 
tacts  are  also  noted. 


The  Solid  State  Plasma  Transport  group,  chaired  by  E.  Kunhardt, 
considered  questions  such  as:  (l)  Can  the  dynamics  of  charge  carriers 
be  described  by  microscopic  equations?  (2)  What  is  the  role  of  carrier- 
carrier  scattering  of  high  electron  densities?  (3)  What  is  the  mechanism 
of  surface  breakdown?  It  was  also  agreed  that  instabilities  such  as  fila¬ 
ment  formulation  (microplasmas)  and  failure  mechanisms  at  contacts  de¬ 
serve  more  detailed  consideration. 

In  conclusion,  I  would  like  to  thank  R.  Junker  of  ONR  for  suggesting 
this  workshop  and  all  the  participants  for  the  active  efforts  they  expended 
in  presenting  the  talks,  taking  part  in  the  working  groups  and  contributing 
to  the  interesting  discussions. 
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Switching  Requirements 
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Farmingdale,  N.Y. 
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Office  of  Naval  Research 
Washington,  D.C. 

E.  KUNHARDT 
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L.  LUESSEN 

Naval  Surface  Weapons  Center 
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T.  R.  Burkes,  Inc. 
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9:45-10:00a.m. 


Break 
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Si  1 i con  Carbi de  as  a 
Potential  Candidate 
for  High  Power  and 
High  Temperature  Devices 

Picosecond  Relaxation  of 
Photoexcited  Carriers  in 
Disordered  Semiconductors 


R.  DAVIS 

N.  Carolina  State  University 
Raleigh,  N.C. 


A.  JOHNSON 

AT&T  Bell  Laboratories 
Holmdel ,  N . J . 
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1  :00-2 :00p.m. 
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Free  Carrier  Plasma 
Transport  in  Photoexcited 
Semi  conductors 
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Naval  Research  Laboratories 
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2  :00-3 :00p.m. 


Physical  Mechanisms  in 
Photoconductor  Switching 


R.  HAMMOND 

Los  Alamos  National  Laboratory 
Los  Alamos,  N.  Mex. 


3:00-3: 15p.m. 


Break 
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III.  PUT.SE  POWER 

A  Brief  Overview 
(with  emphasis  on 
Basic  Switching  Issues) 


E. E.  Kunhardt 
L.  Luessen 

F.  Rose 

T.  R.  Burkes 


Introduction 


The  term  "pulsed  power"  Is  synonymous  with  "power  conditioning".  It  is 
the  manipulation  of  the  time  scale  in  which  energy  is  delivered  to  a  load.  This 
technology  finds  application  In  a  large  number  of  areas.  Table  1  gives  a  partial 
list  of  these  areas.  Typical  load  and  switching  requirements  found  in  pulsed 
power  systems  are  given  in  Table  2.^  A  block  diagram  of  a  generic  pulsed 
power  system  with  examples  of  system  components  is  shown  in  Fig  1.  Typical 
values  for  the  time  scales  and  power  levels  throughout  the  system  are  also 
shown  In  the  figure.  To  meet  the  goals  of  the  SDI  program,  a  number  of  tech¬ 
nological  advancements  will  have  to  be  made  in  all  areas  of  the  pulse  power 
chain.  Moreover,  and  of  critical  importance  to  power  systems  to  be  operated  in 
space,  significant  improvements  will  have  to  be  made  in  the  overall  efficiency  of 
the  power  system.  The  advancements  to  be  made  are  predicated  to  a  large 
extent  on  our  understanding  of  the  basic  phenomena  underlying  this  technol¬ 


ogy  and  the  transfer  of  this  knowledge  to  the  development  of  system  com¬ 
ponents.  Among  the  principal  problems  limiting  the  application  of  current 
pulse  power  system  technology  to  space-based  operations  of  interest  to  SDI  are: 
a)  the  rating  of  switching  components,  b)  defficiency  of  materials  in  a  space 
environment  and  c)  efficiency  of  power  system. 

TABLE  1.  Pulsed  Power  Ai^lications 


Particle  Accelerators 
Electrically  Driven  Lasers 
/iWave  Generators 
Electromagnetic  Guns 
Electric  Thrusters 


In  this  workshop,  we  will  focus  on  the  first  problem.  That  is,  switching  devices 
that  will  allow  the  fast  and  repetitive  transfer  of  energy  from  the  energy  storage 
device  to  the  load  (the  switch  in  Fig  1).  To  meet  the  diverse  requirements,  as 


shown  in  table  2,  a  number  of  switching  concepts  have  been  proposed/  In 
them,  a  gas,  a  solid,  or  a  liquid  serves  as  the  switching  medium. 


KILO-WATTS  _  RCCA-WATTS  CICA-UATTS  ■  TCKA-WAnS 


STOKACC  I  STOKACe  II  SWITCH 


LOAD 


INOUCTIVC  CAfAClTIVC 

CAFACITIVC  tLUMLEM 

KINCTIC 


SAAAR*CAr  • 
TKYKATKON 
emoTiHc  wiKcs 
SUSTAIKCO-DISCHAKCCS 
PHOTOCONOUCTORS 
JUNCTION  DEVICES 


LASERS 

PARTICLE  BEAMS 
MICROWAVE  SOURCES 
EM  LAUNCHERS 


Fig.  1.  Block  Diagram  of  Pulse  Power  System. 


TABLE  2.  Pulsed  Power  Requirements 


Directed  Energy 

Load  Requirements  Charged  Particie  Beam  Laser 


EM  Propulsion 


V 
^  oc 

^peak 

Rep- rate 
Life  (shots) 


0.1  -  1  MV 
10  -  100  KA 
'  10  KHz  (Burst) 
10®-  10® 


10  -  20  KV 
20  KA 
100  Hz 
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5  -  10  KV 
1-5  MA 
100  -  500  Hz 
10®-  10* 


Switch  Requirements 


Conduction  20  /iS 

Opening  times  <  1  fisec 

Hold-off  times  2  -  5nsec 


100  fisec 
~  fisec 
100  fisec 


1  sec 
100  nsec 
1-5  msec 


Present  Switching  Needs 


Two  areas  of  application  are  presently  receiving  considerable  attention. 
These  are:  (i)  repetitive  switches,  and  (2)  opening  switches  for  use  with  induc¬ 
tive  storage.  Opening  switches  may  also  operate  repetitively.  The  requirements 
of  these  two  technologies  are  slightly  different,  as  shown  below.  A  schematic 
diagram  of  a  system  that  utilizes  inductive  store  is  shown  in  Fig.  2a. 


Fig.  2a.  Inductive  Energy  Store  Circuit. 


CHARGING 

SWITCH  t 


DISCHARGING 


.  SWITCH  B 


Fig.  2b.  Cycle  of  Inductive  Circuit. 

The  procedure  for  delivering  energy  to  the  load  for  one  cycle  of  operation  Is 
shown  In  Fig.  2b.  The  center  stage  in  this  process  is  taken  by  switch  A  in  the 
figure;  it  is  a  closing/opening  switch.  Initially,  switch  A  is  closed  and  energy  is 
stored  a  a  slow  rate  in  the  inductor.  On  command,  switch  A  is  made  to  open 
shortly  after  the  closure  of  switch  B,  and  energy  is  delivered  to  the  load.  There 
is  a  great  Interest  in  developing  a  closing/opening  switch  for  use  with  inductive 
energy  storage.  The  energy  density  in  inductive  store  is  much  higher  than  in 
capacitive  store.  Thus,  for  equal  total  stored  energy,  Inductive  store  requires 


less  volume. 


The  switching  requirements  for  a  system  not  using  inductive  storage  but 
operating  repetitively  are  less  demanding.  A  schematic  diagram  of  such  a  sys¬ 
tem  is  shown  in  Fig.  3.  The  procedure  for  delivering  energy  to  the  load  in  one 
cycle  is  as  follows.  Initially,  the  capacitor,  C,  is  charged  to  a  voltage  by  the 
D  C  supply. 


Fig.  3.  Capacitive  Energy  Store  Circuit. 

On  command,  switch  is  closed  and  the  energy  stored  in  the  capacitor  is 
quickly  delivered  to  the  load.  After  the  transfer.  It  is  desirable  for  the  switch 
to  fully  recover  its  Insulating  properties  so  that  the  capacitor  can  be  recharged 
to  the  desired  potential,  Vq.  Note  that  this  switch  does  not  have  to  "open"  but 
to ‘"recover"  (in  actual  applications  the  DC  supply  V^,  is  momentarily  isolated 
from  the  load  to  allow  the  switch  to  begin  the  recovery  process.  That  is,  there 
is  a  period  of  zero  current  at  the  load). 

Since  the  switch  forms  an  intricate  pm't  of  the  pulsed  power  system,  it  may 
not,  in  general,  be  possible  to  predict  its  behavior  from  investigation  of  isolated 
switches.  This  is  particularly  so  in  the  case  of  opening/closing  switches  where 
the  voltage  generated  by  the  circuit  during  the  opening  phase  (in  Fig.  2  note 
that  the  change  in  current  creates  a  voltage  L  di/dt  which  appears  across  the 
switch)  affects  the  performance  of  the  switch.  However,  by  directing  the 
research  on  the  basic  issues  common  to  a  category  of  switches  (and  perhaps  all 
switches),  considerable  contributions  can  be  made  towards  developing  new 
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concepts  and  assesing  their  feasibility.  Breakthroughs  in  pulse  power  technol¬ 
ogy  rely  on  the  quantitative  understanding  of  these  basic  issues. 

Workshop  Otgectives 

The  goals  of  this  workshop  are:  a)  Identify  physics  concepts  that  may  be 
utilized  for  switching.  Exampies  of  switching  concepts  are  photo-conductivity 
and  p- n  Junctions.  And  (b)  given  the  concept,  identify  the  physics  issues 
whose  understanding  n^ay  help  assess  the  fundamental  limitations  of  a  given 
concept  and  guide  the  development  of  the  switch  technology. 

GSeneral  Desired  Si^tch  Characteristics 

Consider  the  simple  circuit  shown  in  Fig.  3.  When  the  switch  in  the  circuit 
is  operated  repetitively,  it  follows  the  cycle  shown  in  Fig.  4.  In  each  of  these 
stages,  a  number  of  physics  issues  (which  may  be  common  to  all  switches) 
need  to  be  addressed.  Example  of  these  issues  are  given  in  the  figure. 

The  voltage  (electric  field)  V,,  current  I,  and  power  loss  Pl  (Vgl),  in  the 
switch  In  one  cycle  of  operation  are  shown  in  Fig.  5.  Note  that  the  slower  the 
switch  turns  on  and  off,  and  the  greater  the  on-state  voltage  V^,  the  greater  the 
power  losses  in  the  switch.  For  an  efllclent  switch,  power  losses  should  be 
minimized.  To  do  so,  we  need  to  look  at  the  behavior  of  the  carrier  density 
and  drift  velocity  as  a  function  of  electric  field.  The  desired  behavior  is 
schematically  shown  in  Fig.  6.  In  the  on-state,  where  the  field  is  low,  the  carrier 
density  and  drift  velocity  are  high  and  the  carrier  loss  rate  is  negligible.  Thus, 
very  little  energy  is  being  used  to  compensate  for  loss  of  carriers.  As  the 
switch  opens  (recovery  phase),  the  electric  field  and  carrier  loss  rate  Increase, 
while  the  carrier  density  and  drift  velocity  decreases.  The  increase  in  the  car¬ 
rier  loss  rate  and  the  decrease  in  drift  velocity  with  increasing  electric  field, 
drives  the  switch  to  the  off-state.  It  is  desirable  to  tailor  the  transport  proper¬ 
ties  and  rate  constants  of  the  switching  medium  to  conform,  in  general,  with 


Recovery(off) 


Fig.  5.  Behavior  of  Switch  Variables  During 
one  Cycle  of  Opersation 


Fig.  6.  A  point  that  needs  further  consideration  is  whether  or  not  the  behavior 
shown  in  Fig.  6  results  in  high  losses  In  the  tum-on  stage.  That  is,  the  switch 
is  turned  on  by  driving  the  medium  from  the  high-loss  region  (high  field)  to 
the  low-loss  region.  To  assess  this  loss,  the  carrier  production  mechanism  and 
Its  dependence  with  field  also  needs  to  be  considered.  If  the  production 
mechanism  is  internal  (l.e.  avalanching),  then  It  may  also  infiuence  the 
recovery  phase;  however.  If  It  Is  external,  then  It  can  be  made  operative  In  the 
turn-on  stage  only  without  Infiuenclng  the  recovery.  This  is  a  desirable  charac¬ 
teristic. 

Some  Basic  Physics  Issues 

To  give  a  better  physical  perspective  of  the  switch,  the  circuit  in  Fig.  4  has 
been  re-drawn  and  shown  in  Fig.  7.  The  switch,  In  general,  consists  of  two 
metal  electrodes  separated  by  the  switching  medium.  This  medium  Is  initially 
an  Insulator;  it  Is  transformed  Into  a  good  conductor  while  closing,  and  returns 
to  the  Insulating  state  while  opening.  Vacuum,  gases,  liquids,  and  solids  have 
been  used  as  switching  medium.  In  a  vacuum  switch,  the  medium  Is  in  essence 
the  vapor  of  the  electrode  material;  and  thus,  for  our  purpose,  may  be  con¬ 
sidered  a  type  of  gas  switch.  A  similar  statement  may  be  said  about  liquids  in 
that  conduction  (and  In  most  cases  breakdown)  occurs  in  the  vapor  of  the 
liquid.  There  Is  no  liquid  switch  where  conduction  occurs  In  the  liquid  state. 
Thus,  a  liquid  switch  Is  also  "gas-llke".  There  are  three  general  characteristics 
of  solid  and  "gas-llke”  switching  medium  that  need  to  be  considered.  These  are: 
a)  the  natur^  of  the  transfer  of  the  electrons  from  the  metal  electrode  to  the 
medium  (l.e.  nature  of  contacts,  b)  carrier  dynamics  and  c)  survivability  of 
medium  under  switching  conditions.  A  summary  of  these  characteristics  Is 
given  In  Table  3.  The  remainder  of  the  paper  will  be  devoted  to  Identifying 
some  physics  issues  that  are  associated  with  a  solid  state  medium. 
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Fig.  6.  Desired  Field  Dependence  of  Switch  Parameters. 
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Fig.  7.  Coaxial  -  Switch  Geometry. 


TABLE  3.  General  Characteristics  Switching  Medium 


Conducting 

State 

’Gae-like” 

diffuse  discharge 


fllamentary  discharge 
(arc) 


Ceirier  Injection 
Mechaniem 
(Contact  Area) 


Ion  impact  on  cathode, 
although  it  is  thermionic 
when  using  heated 
cathodes  ( very  lossy) . 


Thermionic  and  field 
emission  (very 

destructive). 


Cairier  Dynamics 
Gowemedfay 


Carrlei^neutral  gas 
interactoins  (weakly 
ionized  gas)  and 
coulomb  interactions 
(strongly  ionized 
gas). 


Coulomb  interactions 


Material 
Survivability: 
is  it 

'self-healing? ' 


Yes 


Yes 


Solid  State 
Uniform  current 
filamentary  channel(s) 


tunneling  (very  efficient) 


Carrier^impurity  and 

carrier-carrier 

interactions 


No 


Let  a  (homogeneous)  solid  medium  fill  the  switch  region  shown  In  Fig.  7. 
Usually,  the  solid  medium  only  fills  the  inter-electrode  space,  so  that  considera¬ 
tion  must  be  given  to  the  possibility  of  breakdown  along  the  solid  surface. 


Although  this  does  not  affect  the  behavior  of  the  switch,  it  usually  determines 
the  maximum  operating  voltage.  Electrode  shaping  and/or  separation  of  the 
solid  surfaces  are  techniques  which  are  employed  to  reduce  the  possibility  of 
surface  breakdown.  These  will  be  discussed  in  other  talks.  Note  that  electrode 
shaping  may  also  be  desirable  to  create  a  uniform  field  pattern  in  the  on-state 
of  the  switch  to  lower  the  probability  of  transition  from  a  uniform  current  state 


into  a  (destructive)  filamentary  channel. 


The  energy-band  diagram  for  the  switch  (with  no  field  present)  is  shown  in 
Fig.  8a.^  In  this  figure  Eg  and  Ey  are  the  conduction  and  valence-band  edges 


metal 

'//// 


(c) 

Schematic  energy-band  diagram  for  double  injection  into  an  insu 
lator  with  injecting  contacts. 

(a)  Applied  held  =  0 

(b)  Applied  held  ^  0 

(c)  Applied  Held  collapses  due  to  plasma  formation  in  the  bulk 


respectively;  Nj,  aod  are  the  densities  of  electron  and  hole  traps  (Impurities 
in  general),  respectively;  Nr  Is  the  density  of  recombination  centers;  F,,  Is  the 
Fermi  level;  and  V’  Is  the  Interface  energy  barrier.  When  the  external  field  is 
applied  to  the  switch,  the  bands  bend  resulting  In  the  diagram  shown  on  Fig. 
8b. 

The  first  question  that  arises  regards  the  size  of  ■0.  Is  It  necessary  for  0  to 
be  low  (ohmic  contacts)  for  the  switch  to  be:  a)  efficient  and  b)  stable  for  long 
pulse  operation?  Let’s  defer  this  to  later  discussions.  Note  In  Fig.  8b  that  the 
region  the  carriers  need  to  tunnel  Is  narrow  so  that  It  appears  that  no  matter 
what  0  Is,  there  Is  a  copious  supply  of  carrier.  Assuming  this  Is  the  case,  elec¬ 
trons  and  holes  injected  from  respective  contacts  Into  the  medium  (plasma 
injection)  proceed  to  the  respective  collecting  contacts,  and,  assuming 
Nm  =  Ntp  =  Nr  =  O  will  only  be  lost  In  the  medium  If  direct  recombination 
occurs.  In  this  case,  the  steady  state,  an  electron-hole  plasma  exists  in  the 
medium,  the  field  across  It  Is  nearly  zero  (except  maybe  at  the  contacts),  the 
current  through  the  medium  may  be  as  large  as  desired  and  the  losses  (due  to 
phonon  scattering  and  direct  recombination)  may  be  made  as  low  as  desired  (by 
cooling  the  medium  and  decreasing  the  operating  current  density).  The  energy 
band  diagram  for  this  situation  Is  shown  in  Fig.  8c.  This  medium  (and  con¬ 
tacts),  of  course,  would  not  be  a  switch  since  any  time  a  field  Is  present  across 
the  medium,  a  current  would  fiow,  l.e..  It  does  not  hold  off  any  voltage.  Thus, 
the  questions  we  need  to  ask  are: 

1.  what  is  the  role  of  (a)  the  contacts;  (b)  traps,  and  (c)  recombination 

centers  In  shaping  the  space-charge  In  the  hold-off  state  and  In  the  on- 


state,  and. 


2.  what  are  the  losses  In  the  various  regions  due  to  field  redistribution  during 

and  after  tum-on  of  the  switch? 

To  answer  these  questions,  we  need  to  understand  carrier  dynamics  at  high  car¬ 
rier  densities.  This  involves  a  description  of  the  carrier  distributions,  trap 
dynamic,  and  space-charge  fields.  Moreover,  depending  on  the  level  of  descrip¬ 
tion,  knowledge  of  the  scattering  rates  or  cross-sections  is  also  required.  If  an 
external  source  is  used  to  affect  the  carrier  concentration,  the  coupling  of  this 
source  to  the  medium  need  also  be  considered.  Given  that,  we  understand  the 
carrier  dynamics  so  that  we  can  answer  the  two  questions  posed  above;  we  then 
ask,  can  we  control  the  carrier  dynamics?  This  ms^  be  done  either  actively  (by 
using  external  means  such  as  a  laser)  or  passively  (by  purposely  introducing 
impurities  in  the  medium  by  using  an  inhomogeneous  medium,  such  as  Junc¬ 
tion  devices,  or  microscopic  design  of  the  lattice,  such  as  creating  lattice  chan¬ 
nels).  This  topic  is  rather  exciting  and  one  that  we  may  spend  some  time  dis¬ 
cussing  in  this  workshop. 

With  regard  to  Junction  devices,  they  are  in  general  characterized  by  hav¬ 
ing  regions  where  very  high  fields  can  exist  and  where  avalanche  growth  and 
the  formation  micro-plasmas  may  take  place.  How  this  occurs  and  hpw  it  pro¬ 
pagates  needs  to  be  addressed.  In  this  context,  the  role  of  defects  needs  to  be 
assessed. 

A  final  topic  that  I  would  like  to  discuss  is  that  of  instabilities.  That  is, 
given  that  the  switch  has  been  made  to  turn  on  and  is  carrying  a  uniform 
current,  how  long  can  we  continue  doing  this  without  destroying  the  medium? 
In  general,  instabilities  cause  a  redistribution  of  the  current  density,  creating 
filamentary  channels  where  the  current  density  may  be  sufficiently  high  to  des¬ 
troy  the  medium.  The  question  is  then  what  may  cause  a  "constriction”  Insta- 
blllly?  What  are  the  threshold  conditions  and  the  growth  rate  for  the 
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Instability.  Since  these  very  much  depend  on  the  properties  of  the  medium,  I 
defer  the  details  of  the  discussion  to  later  on  In  the  workshop.  However,  there 
are  some  general  remarks  that  can  be  made.  The  temperature  profile  for  a 
diffuse  and  filamentary  current  channels  (in  steady-state)  are  shown  in  Fig.  0. 

d^T 

The  radius  of  the  channel  is  R.  In  both  cases  5rT<0,  whereas  - <0  for  a 

dr^ 


d^T 

diffuse  channel  and  - >0  for  a  constricted  channel.  Thus,  we  may  ask  - 

dr^ 

under  what  condition  can  d'^T/dr^  be  greater  than  zero?  This  would  imply  a 
constricted  state.  To  further  explore  this,  we  must  look  at  the  energy  balance 
equation.  It  may  be  written  as 


ar^ 


d/c  .  ^T  .  2 
dT  ^  dr  ^ 


+  />CpV,5,T 


whereK  =  thermal  conductivity;  k  =/c(T) 
a  —  electrical  conductivity 
p  =  density  of  material 
Cp  =  specific  heat 
Vj  =  drift  velocity,  and 
u  =  energy  radiated. 


Thus,  may  be  greater  than  zero  If: 

(a)  u>(7E®,  that  is.  If  radiation  losses  are  greater  than  the  local  JE  heating. 

d/c 

(b)  If  ——<0,  that  is,  if  there  Is  a  maximum  in  the  thermal  conductivity  as  a 

dT 

function  of  pressure,  and 


(c)  convection  at  a  contact  where  Vj5jT  may  be  >0.  In  addition  to  the  above, 
magnetic  pinch  effects  ( JXB)  and  wall  effect  also  need  to  be  considered. 


Temperature,! 


Fig.  9.  Temperature  Profile  of  Diffuse  and 
Constricted  Channels. 
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Conclucfing  Remarks 

In  this  paper,  I  have  tried  to  present  an  overview  of  pulse  power  systems 
requirements  and  switches  in  particular.  This  will  serve  as  background  for 
those  not  familiar  with  pulse  power,  and  a  review  for  those  who  are  in  the  field. 
I  have  then  discussed  some  fundamental  physics  issues  whose  understanding 
may  lead  to  significant  breakthroughs  in  the  use  of  solid  medium  for  puise 
power  switching.  The  questions  I  would  like  to  pose  to  the  participants  are:  (a) 
what  are  the  exciting  physics  concepts  that  we  need  to  be  looking  at,  and  (b) 
what  are  the  physics  issues? 
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Silicon  Carbide  as  a  Potential  Candidate  for  High 
Power  and  High  Temperature  Devices 

Robert  F.  Davis 

North  Carolina  State  University 
Department  of  Materials  Engineering 
Raleigh,  NC  27695 

Silicon  carbide  (SIC)  is  the  only  compound  species  that  exists  in  the  solid 
state  in  the  Sl-C  system.  However,  it  can  occur  in  the  cubic  (C) ,  hexagonal  (H) 
or  rhombohedral  (R)  structures.  It  is  also  classified  as  existing  in  the  beta  (6) 
and  alpha  (a)  modifications.  The  beta,  or  cubic,  form  crystallizes  in  the  zinc- 
blende  or  sphalerite  structure;  whereas,  a  large  number  (approximately  170)  of  the 
alpha  modifications  occur  in  the  hexagonal  or  rhombohedral  forms  known  as  polytypes. 
Silicon  carbide  intrinsically  possesses  extreme  hardness,  very  good  thermal  and 
mechanical  properties  as  well  as  excellent  resistance  to  oxidation,  corrosion, 
thermal  shock  and  radiation,  since  the  bonding  between  Si  and  C  atoms  possesses 
a  highly  covalent  character  with  an  ionic  contribution  of  approximately  12%. 

Beta  silicon  carbide  (B-SiC)  is  currently  being  examined  throughout  the 
world  as  a  candidate  material  for  use  in  specialized  applications  such  as  high 
temperature,  high  frequency,  high  power  or  high  speed  devices.  Because  of  its 
excellent  thermal  conductivity  and  high  breakdown  field,  the  integration  of 
devices  from  this  material  could  be  achieved  with  very  high  densities.  The 
reasons  for  the  interest  in  this  material  are  its  special  physical  and  electronic 
properties  such  as  a  high  melting  point  (T^=3103K) ,  high  thermal  conductivity 
(p^*3. 9W/cm-deg) ,  wide  band  gap  (£^*2.3  eV  at  300K),  high  breakdown  electric 
field  (E,“2.5  x  10^  volts/cm),  high  saturated  drift  velocity  (V  =2  x  10^  m/s) 

□  Sot 

and  a  small  dielectric  constant  (K“9.7).  In  addition,  the  electron  Hall  mobility 


of  high  puricy  undoped  beta-SlC  has  been  estimated  from  theoretical  calculations 

2  2 
to  be  approximately  1300  cm  /V  a  and  has  been  measured  to  be  1000  cm  /V-s  at 

4  2 

300K.  Most  recently,  an  electron  mobility  of  more  than  10  /cm  /V-s  has  been 
observed  In  3-SlC  thin  films  by  electron  cyclotron  resonance.  Because  of  the 
smaller  amount  of  phonon  scattering  In  the  cubic  material,  the  electron  mobility 
is  greater  than  that  of  alpha-SlC,  thus  beta-SiC  is  currently  considered  more 
desirable  than  any  of  the  alpha  polytypes  for  a  number  of  device  applications. 

In  fact,  Johnson  developed  a  simple  theoretical  relationship  between  the  break¬ 
down  voltage,  the  saturated  drift  velocity  and  the  power  and  frequency  limits 
of  transitors.  Using  the  data  for  these  parameters,  Johnson's  "figure  of 
merit"  shows  6-SlC  to  be  more  than  three  orders  of  magnitude  better  than  Si 
for  high  power  applications. 

Research  at  NCSU  and  elsewhere  around  the  world  has  most  recently  con¬ 
centrated  on  growing  thin  films  of  g-StC  on  single  crystal  Si  and  on  other 
substrates.  In  the  case  of  Si,  a  two  step  growth  process  involving  the  initial 
conversion  of  the  Si  surface  to  SiC  via  its  reaction  with  a  C-containing  gas 
at  high  temperature  and  the  subsequent  deposition  of  SiC  from  C-  and  Si-containing 
gases  entrained  in  H^.  The  formation  of  the  s40nm  thick  converted  surface  layer 
ameliorates  the  approximately  20%  and  22%  mismatch  in  coefficients  of  thermal 
expansion  and  lattice  parameter,  respectively,  so  that  a  thick  SiC  film  can  be 
deposited  having  very  smooch  surfaces. 

However,  in  spite  of  the  above  efforts,  near  interfacial  misfit  dislocations, 
stacking  faults  and  residual  strain  occur  in  the  g-SiC  film  Co  a  width  of  slum. 

The  concentrations  of  these  defects  drops  rapidly  beyond  this  distance  but  are 
not  eliminated  even  to  a  thickness  of  2Q^Jm.  Although  these  thick  as-grown  films 
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lack  perfection,  they  are  suitable  for  the  additional  studies  conducted  at  NCSU 
regarding  (1)  the  addition  of  the  n-  and  p-type  dopants  of  N  and  P  and  B  and  Al, 
respectively,  both  during  growth  and  via  ion  implantation,  (2)  annealing  studies 
on  the  as-grown  and  Implanted  materials,  (3)  oxidation  and  reactive  ion  etching 
research  and  (4)  development  of  simple  devices.  This  will  be  briefly  described 
below. 

Raman  spectra  of  the  as-grown  and  doped  films  reveal  that  residual  stress 

exists  in  those  films  which  is  not  completely  relieved  until  the  samples  are 

heated  to  approximately  2073K  for  300s.  The  solubility  limits  at  the  growth 

20  3 

temperature  of  1630K  of  the  n-type  impurities  of  N  and  P  are  2x10  /cm  and 
17  3 

4x10  /cm  ,  respectively;  for  the  p-type  dopants  of  Al  and  B  these  values  are 
19  3  18  3 

4x10  /cm  and  2x10  /cm  ,  respectively.  The  majority  carrier  concentration  of 
the  n-type  materials  is  approximately  one-half  an  order  of  magnitude  less  than 
the  atomic  concentration;  however,  for  the  p-type  materials,  this  difference 
expands  to  2  orders  of  magnitude  for  Al  and  3  orders  of  magnitude  for  B. 

Implantation  results  show  conclusively  that  the  solid  phase  epitaxy  (SPE)  and 
the  resulting  microstructure  and  electrical  activity  of  the  films  are  Improved  if 
they  are  amorphlzed  during  implantation.  However,  although  SPE  can  be  accomplished 
at  temperatures  as  low  as  1873K,  ionization  of  the  carriers  is  not  maximized  until 
S2073K.  As  a  result  of  the  low  solubility  limits  of  most  of  the  dopants,  there 
exists  a  narrow  window  wherein  amorphlzation  is  accomplished  without  resultant 
precipitation  during  rapid  thermal  annealing.  There  is  little  migration  of  the 
implanted  N  and  P  during  the  300s  anneal  at  2073K;  however,  there  is  a  measurable 
decrease  in  the  maximum  of  the  Al  peak  and  the  B  peak  disappears  as  a  result  of 
the  rapid  diffusion  rate  of  this  small  atom. 
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Finally,  Schottky  barrier  diodes  using  Au  as  Che  contact  material  and 
p-n  junctions  using  N  and  A1  Introduced  consectlvely  during  growth  or  N  Implanted 
Into  an  Al-contalnlng  sample  and  TaSl2  and  a  94ZAu3%A14%Ta  alloy  as  the 
ohmic  contact  materials  for  the  n-  and  p-type  materials,  respectively,  have 
been  fabricated  from  Che  In  situ  doped  and  Implanted  films.  Ongoing  studies 
of  oxidation  and  reactive  Ion  etching  have  also  allowed  the  fabrication  of 
mesa  structures. 

In  summary,  the  principal  problem  at  the  moment  In  the  advancement  of  SIC 
Is  Che  lack  of  a  suitable  substrate.  Nevertheless,  the  growth  of  thick  (^15vim) 
films  of  the  material  with  relatively  defect  free  near-surface  regions  have 
allowed  basic  research  regarding  dopant  Introduction,  solubility  limit 
determination.  Ion  Implantation  and  rapid  thermal  annealing,  oxidation  and 
reactive  Ion  etching  and  the  fabrication  of  simple  devices  to  be  Investigated. 


Table  2.1.4  Keyes*  Figure  of  Merit  for 
Selected  Semiconductors 


Semi-  e^(300K) 

conductor  (W/cm-deg)  (cm/sec) 

K 

( Dimen¬ 
sionless) 

Figure  of  Merit 

(Dimensionless) 

Si 
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11.8 
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1.0 
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0.5 

2.0x10^ 

12.8 
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Table  2.1.3  Johnson's  Figure  of  Merit  for 
Selected  Semiconductors. 
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Figure  of  Merit 

( Dimensionless ) 

Si 

3x10^ 

1.0x10^ 
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1.0 

GaAs 

4x10^ 

2.0x10^ 

25.6x10^^ 

6.9 

InP 

6x10^ 

2.0x10^ 

38.0x10^^ 

16.0 

6H-S1C 

40x10^ 

2.0x10^ 

250.0x10*^ 

694.4 

/3-SiC 

40x10^ 

2.5x10^ 

320.0x10^^ 

1137.8 

Figure  4.2.2  SEM  micrographs  of  surface  pltsln  the  converted  layer 
produced  In  the  period  of  150  s;  (a)  aample  Is  normal 
to  electron  beam  and  (b)  sample  Is  tilted  45°  from 
the  electron  beam. 
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Figure  2.  Optical  micrographs  of  the  final  e-SiC  surface 
of  the  large  area  samples  produced  under  the 
Si/C  gas  flow  ratios  of  (a)  0.89  and  (b)  1.05. 
The  black  particles  shown  in  (a)  are  believed  to 
be  SiC  formed  by  homogeneous  nucleation  in  the 
gas  phase.  i,n 


Raman  Shift  (cm  ) 

Figure  4.3.22  Raman  spectra  of  an  as>grown  and  undoped  beta-SlC 

film  at  300K  obtained  without  the  presence  of  the  Si 
substrate:  (a)  from  the  backside  (interface  between  Si 
and  SiC)  of  the  as-grown  sample,  (b)  from  the  upside 
(surface)  of  the  as-grown  sample  and  (c)  the  same 
sample  annealed  at  2073K  for  300  s. 


Atomic  Concentration  of  N  (cm~^ 


Figure  A. 4. 7  Atomic  concentration  of  N  and  n-type  carrier 

concentration  of  the  doped  beta-SiC  films  vs  the  partial 
pressure  of  NH.  in  the  gas  stream.  The  films  were  grown 
under  the  conditions  noted  in  the  caption  of  Figure 

4.4.6. 
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Figure  4.4.8  Atomic  concentration  of  P  and  n-type  carrier 

concentration  of  the  doped  beta-SiC  films  vs  the  partial 
pressure  of  PH.  in  the  gas  stream.  The  films  were  grown 
under  the  conditions  noted  in  the  caption  of  Figure 


Atomic  Concentration  of  B  (cm 


Concentration  of  A1  (cm 


Partial  Pressure  of  AKCH^l^  (LOG  P) 


Figure  4.4.10  Atomic  concentration  of  A1  and  p-type  carrier 

concentration  of  the  doped  beta-SiC  films  vs  the  partial 
pressure  of  AKCH.)^  in  the  gas  stream.  The  films  were 
grown  under  the  conditions  noted  in  the  caption  of 
Figure  4.4.6. 
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Figure  18.  XTEM  micrographs  showing  the  surface  of  a  sample  which  has  been 
double  implanted  with  A1  to  a  peak  concentration  of  1  x  10^0 
Al/cm^.  (a)  As-implanted;  (b)  annealed  at  1873K;  (c)  annealed 
at  2073K  for  300s. 


Figure  19.  XTEM  micrograph  of  a  sample  which  has  been  double  implanted  with 
P  to  a  peak  concentration  of  1  x  lO^O  P/cm^  and  subsequently 
annealed  at  1973K  for  300s.  The  surface  appears  rough  as  a  re¬ 
sult  of  polycrystalline  regrowth. 
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Figure  21.  XTEM  micrographs  and  diffraction  pattern  of  (100) 
B-SiC  which  has  been  triple  imolanted  with  Si  to 
a  peak  concentration  of  1  x  10^0  Si/cm^.  (a)  As- 
implanted;  (b)  annealed  at  1973K  for  300s.  (The 
diffraction  pattern  is  near  [Oil]  and  of  the 
microtwinned  and  highly  faulted  layer). 


Figure  22.  XTEM  micrographs  comparing  the  regrowth  properties  of  samples 
implanted  with  equal  atom  concentrations  (1  x  lO^O/cm^)  of 
Si  (b,  center)  and  Si  +  C  (c,  right).  The  as-implanted  amor¬ 
phous  layer  is  also  shown  (a). 


(a)  (b) 


Figure  23.  XTEM  micrographs  showing  the  surface  of  a  sample  which  has  been 
single  implanted  with  both  Si  and  C  to  a  peak  concentration  of 
1  X  10‘^  implanted  SiC/cm^.  (a)  As-implanted;  (b)  annealed 
at  1973K  for  300s. 
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Figure  27.  Carrier 
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(a}  It  Is  assumed  that  the  SIC  Is  not  compensated,  since  N  could 
not  be  determined  by  ESR. 

(b)  Only  a  portion  of  these  samples  possessed  a  deeper  donor 
level  (Ed2). 

(c)  Heavily  compensated;  N  was  determined  ESR. 

(d)  In  this  determination.  It  was  assumed  that  the  material  was 
compensated. 

(1)  A.  Rosengreen,  Mat.  Res.  Bull.  4  (1969)  5355. 

(2)  L.  S.  Aivazova,  S.  N.  Gorin',  V.  G.  Sidyakin,  and  I.  M.  Shvarts, 
Sov.  Phys.  Semicond.,  11  (1977)  1069. 

(3)  S.  Yoshida,  E.  Sakuma,'T.  Misawa,  S.  Gonda,  Bull.  Elect. 
Research  Soc.,  Japan  21  (1984)  61. 


cliaractertzat ton  of  the  p-n  Junction  diode  which  was  — 
:ed  by  In  situ  doping  of  aeqiientlally  deposited  heta-SlC 
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Figure  A. 4. 29  Spreading  resistance  profile  vs  depth  of  the  p-n  junction 
diode  which  was  doped  with  A1  and  N  during  growth. 
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1.  Implantation  of  N  into  p-type  SiC. 


2.  Anneal  at  1200°C  for  300  sec. 


3.  Deposit  TaSi2  and  Cr  through  mask. 


4.  RIE  etching. 


5.  Oxidation. 


Figure  25.  Schematic  diagram  of  the  fabrication  steps  employed  to  make  a  n  p  ■■ 

junction  in  a  6-SiC  film  containing  A1  (introduced  during  growth) 
and  N  (introduced  via  dual  ion  implantation).  ^ 
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Figure  28.  XTEM  micrographs  of  thermally  oxidized  (100)  p-SiC; 

(a)  wet  oxide  layer,  grown  at  1273K  for  180  ks, 
showing  preferential  oxidation  at  a  dislocation 
band.  (The  white  layer  beneath  oxide  and  the  dark 
spots  are  caused  by  ion  milling  effects.),  (b)  dry 
oxide  layer,  grown  at  1473K  for  3.6  ks,  revealing  lack 
of  preferential  oxidation  at  a  dislocation  band. 
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Figure  3A. 


SiC  etch  rate  vs.  RF  power  for  reactive  ion 
etching  in  40  mTorr  pure  CF. . 


Sup«r Ionic  Conductor  High-Speed  Switches 

J.  P.  Scott 

Condensed  Matter  Laboratory 
Departnent  of  Physics 
University  of  Colorado 
Boulder,  Colorado  80309-0390 

He  have  discovered  a  novel  and  unexpected  optical  switching* 
in  AgialsWsOs:  The  conductivity  decreases  by  a  full  order  of 
magnitude  when  the  specimens  are  Illuminated  with  low  intensity 
( IW/cm^ )  blue  or  green  light.  This  is  to  be  contrasted  with  the 
increase  in  conductivity  under  illumination  exhibited  by  most 
solid  state  materials. 

The  mechanism^  is  hypothesized  to  be 

y  +  Ag"*"  — ►  h"*"  +  e"  +  Ag"*"  — ►  h^  +  Ag® 

l.e.,  a  laser  photon  excites  an  electron-hole  pair;  the  electron 
neutralizes  a  silver  ion,  removing  one  carrier  from  the 
superlonlc  conductor;  the  hole  that  remains  has  negligible 
mobility.  The  process  is  observed  to  be  approximately 
independent  of  temperature  from  -74®C  to  ■f37®C. 

This  process  would  be  uninteresting,  except  as  a  novelty, 
were  it  not  for  two  facts:  1)  it  is  reversible;  2)  it  is  very 
fast . 

In  order  to  test  its  reversibility,  we  have  switched  it  on 
and  off  with  a  mechanical  chopper  10*  times.  A  very  small 
amount  (<<  IX)  of  neutral  silver  plates  out  on  the  surface,  but 
no  degradation  in  the  size  of  the  (negative)  photoconductivity 


charge  is  noted.  It  would  be  of  Interest  to  perform  further 
studies  to  see  if  the  silver  surface  plating  is  Inherently  self- 
limiting  or  if  it  poses  an  Intrinsic  limitation  on  the  use  of 
this  effect  as  an  optical  switch. 

We  have  made  preliminary  measurements  of  switching  speed  with 
an  N2 -pumped  dye  laser.  These  serve  only  to  set  an  upper  limit 
of  a  few  ns;  the  real  speed  of  the  process  may  be  very  much 
faster . 

In  order  to  make  certain  that  the  observed  change  in  apparent 
conductivity  is  not  Instead  due  to  a  photovoltaic  response,  we 
have  reversed  the  polarity  of  the  d.c.  current  measured  through 
the  illuminated  specimen.  The  same  behavior  was  noted.  Since 
the  photovoltaic  current  develops  with  a  particular  sign  along  a 
unique  crystallographic  axis,  this  shows  that  the  effect  is 
photoconduct Ive  and  not  photovoltaic. 
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mil  ihcmsciv'cs  in  the  icosahcdni.  One  of  these 
hices  of  the  iKtahcdron  is  1 1, 12. 13,  connecting 
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Kio.  J.  The  surrourHlings  of  the  (W.O,,!"'  ion  looking  down  the  A-axis  (which  paxsex  through  w;  and  WJi  | 
The  iodide  oclahedra  above  and  below  the  ( W^O,.)“ '  ion  are  omitted.  Parts  of  neighboring  (W.O,»)“  ions  arc  j 
ll•cluUc«i. 


ihe  opcraiion  of  a  iwofolcl  a.xis  by  a  single 
prime  and  one  obtained  by  the  operation  ol  a 
luofold  .screw  a.xis  by  a  double  prime.  There 
is  one  independent  iodide  octahedron  (itr  two 
equivalent  iodide  octahedral  in  the  unit  cell, 
formed  by  1 1 . 12. 13.  and  1 1 '.  12'.  13'.  The  cen¬ 
ters  of  the  octahedra  arc  at  0.  {.  0  and  j.  0.  0. 
Kour  faces  of  a  single  octahedron  share  faces 
with  mixed  1-0  octahedra  (Fig,  6).  The  mixed 
1-0  iKtahedra  share  only  edges  or  corners  with 
other  mi.xed  octahedra.  Thus  each  block  of 
live  octahedra  separates  two  pairs  of 
(W^Oih)""  ions  in  the  «-  and  /»-directions  (I'ig. 
61,  The  (W^Oih)"'  ii>ns,  the  blocks  of  iK'ta- 
hedra.  and  the  1-0  polyhedra  between  the  two, 
form  a  wall  about  (001 )  planes  at  -0.2  <  j  < 
0,2  (Fig.  6).  The  mi.xed  1-0  octahedra.  .-<014 
and  .4014*.  arc  fully  occupied  by  Ag*  ions, 
in  contrast  with  the  low  fractional  occupancy. 
0.14.  of  the  iodide  octahedra  (A1  in  Table  1). 
The  1-0  polyhedra  .lOI.  .102.  .402*.  .401'. 

I02'.  .402*'  also  have  high  occupancy  (see 
Tables  I  and  III);  therefore  conduction 
through  the  wall  is  most  likely  to  occur  via  the 
Al  (octahedral)  sites. 

The  network  formed  from  the  88  iodide 
tetrahedra  (22  independent  tetrahedral  sites. 
Table  I)  lies  between  the  walls,  i.e..  in  the  region 


0.2  <  r  <  6.8  (sec  Fig.  4).  A  stereoscopic  view 
of  the  complete  iodide  arrangement  is  shown  in 
Fig.  7;  atoms  07  and  08  (from  the  tetratung- 
state  ions)  arc  included  because  they  arc  at 
tw  o  corners  of  an  icosahedron,  of  which  there 
arc  four  per  unit  cell:  atom  05  i.s  included  be- 
cau.se  il  h  part  of  the  mixed  I  O  tetrahedra 
that  arc  in  conduction  passageways.  The  iciv 
sahedru  involve  all  the  independent  iodide 
ions  except  12.  There  arc  thus  10  iotJhlc  tetra¬ 
hedra  per  icosahedron;  the  sites  arc  desig¬ 
nated  A‘i-AS  and  /f4*-48*.  The  10  mixed 
I  -  O  tetrahedral  sites  are  designated  /1 04-  /-lOk. 
.404*  dOX*  (sec  Tables  I  and  III). 

In  the  (010)  direction,  the  icosahedra  are 
linked  by  the  mixed  1-0  tetrahedra  formed 
from  16.  'no.  07.  and  OS  (site  403  in  Table  III 
In  the  [lOOJ  direction,  the  icosahedra  share 
corners  17  and  18;  the  width  of  the  icosahedron 
is  the  l‘)-l‘)'  distance,  approximately  a  2.  The 
icosahedra  arc  not  directly  linked  to  each 
other  in  the  (001  ]  direction;  however,  they  are 
linked  to  iodide  octahedra  in  the  wall  (see 
above)  through  iodide  tetrahedra.  The  four 
faces  of  an  iodide  octahedron  iioi  shared  wiih 


I 


I 
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mixed  I'O  octahedra  arc  shared  with  am- 
iwciing  iodide  tetrahedra.  two  on  each  side 
of  the  wall.  These  connecting  tetrahedra  are 


F«i.  6.  The  slruclurc  in  ihe  ■ 
called  the  "wall"  in  the  le.xl.  O  '-, 
volved  in  the  formaiion  of  mix 
and  Ob'  are  included  to  help  xlu'v 
ion.  The  other  |i 
(W.Oik)"'  ion  arc  not  shoxxn. 
other  tfiari  those  iiisolved  in  the  r 
1-0  octahedra,  see  Fig.  J.  The  , 
are  shaded. 


Fio.  7.  .Stereoscopic  viexx  il.- 
ihc  (W^Oifc)"  ion  arc  include, 
hedron  have  labels  outside  the  . 
hedra  and  the  four  mixed  I  ()  : 
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Fkj.  J.  Th«  (WtO,t)*~  ion  in  AsmIkW^Oi*:  (a)  W-O  distances,  (b)  0-0  distances.  Note  that  the  (W.,0,,)*- 
ion  in  Agi«l|iW40,t  is  enantiomoiphous  to  that  in  AgtW«  0,4  (see  Ref.  (/J)). 


most  relevant  to  this  paper  is  the  appearance 
of  a  new  (W*©!*)*"  complex  as  shown  in  Fig. 
I.  This  complex  has  point  symmetry  2  (or  C,) 
and  is  the  tungstate  entity  that  occurs  in  the 
solid  electrolyte. 

Conductivity 
Experimental , 

The  Ag|W40|«  used  in  the  preparation  of 
the  solid  electrolyte  was  produced  by  adding  a 
concentrated  solution  of  sodium  tungstate 
to  one  of  silver  nitrate  in  essentially  stoichio¬ 
metric  proportions.  The  precipitate,  which  is 
highly  insoluble  in  water,  was  washed  with 
HjO  (by  decantation)  approximately  30 
times,  then  filtered  through  a  Buchner  funnel 
and  dried  in  an  oven  at  1 10”C. 

The  pure  solid  electrolyte  Agjali.W^O,* 
cannot  be  prepared  by  melting  inasmuch  as  it 
melts  incongruently.  Some  of  the  compound 
is  obtained  by  melting,  but  in  this  case  Agl  and 
the  compound  with  nominal  chemical  for¬ 
mula  AgjIfWO*),  are  always  present.  (If 
this  compound  contains  (W^O,*)*”  entities, 
which  is  likely,  then  its  formula  should  be 
written  Ag,oIiW40,4.)  The  chemical  equation 


for  the  decomposition  is 

Ag2*IitW40i*  l6AgI  +  Ag|oIjW40,4. 

Thus  even  a  slight  decomposition  causes  a 
large  amount  of  Agl  to  be  present.  This  gives  a 
sensitive  probe  for  purity  of  the  solid  electro¬ 
lyte  with  respect  to  unrcacted  Agl.  The  latter 
can  be  seen  in  the  powder  X-ray  diffraction 
photograph,  although  there  are  subtleties  be¬ 
cause  of  overlap  of  Agl  lines  with  those  of  the 
solid  electrolyte  (see  Appendix).  The  conduc¬ 
tivity  measurements  are  extremely  sensitive 
to  the  presence  of  Agl,  probably  to  a  small 
fraction  of  a  percent. 

Rapid  melting  of  the  thoroughly  mixed  in¬ 
gredients  in  the  ratio  4Agl;Ag2W04  and 
quenching  gives  Ag26l,aW*On  plus  Ag.ol,- 
W4O16  but  no  Agl,  of  course.  In  this  case,  the 
Agiol2W40,4  can  be  detected  by  powder  X- 
ray  diffractometry  (see  Appendix). 

A  polycrystalline  specimen  of  the  solid 
electrolyte  cannot  be  prepared  by  solid  statt 
reaction  in  a  reducing  atmosphere!  In  fact,  the 
preparation  requires  a  substantial  overpres¬ 
sure  of  oxygen  because  at  the  reaction  tem¬ 
perature  of  280®C  the  solid  electrolyte  ap¬ 
pears  to  have  a  relatively  high  oxygen  vapor 
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Figure  6:  Schematic  diagram  for  the  photoexcitation  process 
hypothesized  in  sliver  Iodide  tungstate. 
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SOLID-STATE  IONICS 


A|«LWO«  shown  in  Fig.  3  is  a  silver  ion  conductivity 
l^und  is  0.047  ±  0.001  (ohm  •  cm)  at  25*C.  The  activa- 
HlUon  energy  for  conduction  obtained  from  the 
Arrhenius  plot  is  3.6  kcal/mole,  which  is  comparable 
r«,Jlo  the  values  of  the  other  high  ionic  conductivity 
V*'^*®!**^*  The  high  ionic  conductivity  and  low  activa- 
J.-v’,tion  energy  suggest  that  the  silver  ions  in  this  new 
■V'ompound  may  be  statistically  distributed  in  the  lat- 

*ice  Uking  an  averaged  structure. 

X-ray  diffraction.— The  results  of  the  x-ray  diffrac- 
ion  of  the  samples  carried  out  at  room  temperature 
.,n..ising  nickel  filtered  Cu-Ka  radiation  are  listed  in 
-/.  Table  n.  In  the  composition  range  of  0-18  m/o  AgsWO^, 
'-'.■■he  diffraction  pealu  due  to  y-phase  silver  iodide  ap- 
."•.^/jeared.  The  lines  due  to  AgiW04  were  observed  in 
>■' ‘^e  samples  containing  67  m/o  or  more  AgjWO^.  The 
I^jnes  due  to  fl-Agl  and  AgjWO^  were  not  observed  in 
Bjlie  samples  containing  20-67  m/o  Ag2W04.  The  pat- 
'^I'lirns  of  the  samples  containing  20,  33.  and  67  m/o 
Y'-kgiWO*  showed  that  the  new  phases  were  formed  in 
',-^}iese  compositions.  These  patterns,  however,  are  too 
L'/ll^omplex  to  determine  the  crystal  structure  only  by 
J-“.’ie  powder  x-ray  diffraction  analysis. 

Phase  diagram  of  the  system  Agl-Ag-WOi.—The 
■■■isults  of  the  DTA  of  the  system  Agl-AgiWO^  in  the 
■■mperature  range  of  20*-200‘C  are  shown  in  Fig.  4. 
Fri^Ithough  the  DTA  of  this  system  showed  an  endo- 
["'v'iermic  peak  at  147*C  in  the  heating  process  in  the 
[■y. 'imposition  range  of  0-17.5  m/o  of  AgiWO^  which  is 
V^'ue  to  the  transformation  of  silver  iodide  from  ^  to  « 
y^.iase,  the  peak  did  not  appear  at  this  temperature  in 
^^.e  samples  of  20  and  22.5  m/o  Ag-^WO^.  Another  endo- 
iermic  peak  at  150*C  appeared  in  the  composition 
p  ,  Jnge  of  25-60  m/o  AgjWO^.  These  results  correspond 
S’*.',  those  of  the  electrical  conductivity  measurements 
•".■-'rOwn  in  Fig.  3.  In  the  samples  containing  more  than 
■y-J.  m/o  of  AgjW04,  however,  no  peaks  were  observed 
these  temperatures.  The  endothermic  peaks  at 
/r.'.-’3*.  290*,  and  348*C  were  also  observed  in  the  com- 
’v'.-'sition  ranges  of  0-20,  20-67,  and  50-90  m/o  of 
■■fcWOi  in  the  heating  process. 

I^^Figure  5  shows  the  phase  diagram  of  the  system 
J-'.'.-il-AgiWOi  determined  by  the  x-ray  diffraction  mea- 
■•  -•jements  and  the  differential  thermal  analysis.  In 
■'-.-]is  system,  there  are  three  intermediate  compounds 
'■.-.'I  the  compositions  of  20,  33,  and  67  m/o  of  Ag-jWO^, 
V\.)ich  may  be  written  as  AgsLWO^,  Ag4l2W04,  and 
respectively,  at  room  temperature. 
mV«14W04  and  AgsIW20«  incongruently  melt  at  293* 
taaJfc  348*C,  respectively.  Ag4l2W04  decomposes  to 
'!K>jSl4W04  and  AgsIWsOs  above  150*C.  The  melting 

ToWf  II.  Powder  e-ray  paflerni  for  Ike  lyslem  Agl-A92W04 
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point  of  Ag3W04  is  620*  2:  5*C,  and  the  eutectic  com¬ 
position  is  estimated  to  be  25  m/o  Ag3W04,  at  290*C. 

Galvanic  cell. — The  high  ionic  conductivity  solid 
electrolytes  have  been  mainly  used  in  solid-clcctro- 
lyte  galvanic  cells  (5-10).  In  these  applications,  the 
solid  electrolyte  should  have  a  high  ionic  conductivity, 
nigh  stability  for  the  cathode  material,  and  low  elec¬ 
trode  polarization.  Figure  6  shows  the  result  of  the 
change  of  the  intcrn.al  resistance  of  the  cell.  Graphite/ 
Agr.I|WOi  -r  I-../Giaphite,  with  time.  A  mixture  of  '..3g 
of  the  electrolyte  and  0.3g  of  iodine  was  used.  The 
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SUMMARY 

As  is  well  known,  the  intense  laser  irradiation  of  a  semiconductor 
can  lead  to  the  generation  of  a  high-density  electron-hole  plasma.  As  a 
consequence,  the  conductivity  of  the  semiconductor  may  increase  by  many 
orders  of  magnitude  within  nanoseconds  or  even  picoseconds,  limited 
primarily  by  the  rise  time  of  the  laser  pulse.  In  recent  years  this 
phenomenon  has  been  exploited  in  the  development  of  a  new  generation  of 
ultra-fast  high-power  switches. 

Since  the  switching  mechanism  is  photoconductive ,  a  number  of  impor¬ 
tant  switch  performance  parameters  depend  strongly  on  the  mobility  of  the 
laser-excited  electrons  and  holes.  These  include  the  on-resistance,  the 
transmission  coefficient  (in  the  case  of  microstrip  transmission  lines) 
and  the  switch  efficiency.  Also  depending  on  the  free  carrier  mobilities 
is  the  amblpolar  diffusion  length,  which  determines  the  penetration  depth 
of  the  plasma  in  cases  where  excitation  at  photon  energies  well  above  the 
bandgap  leads  to  a  very  short  optical  absorption  depth.  In  this  paper 
we  summarize  the  present  theoretical  understanding  of  free  carrier  trans¬ 
port  in  semiconductors  at  high  optically-excited  carrier  densities. 

The  most  obvious  difference  between  unipolar  and  bipolar  transport 
is  the  introduction  of  electron-hole  scattering  as  an  important  mobility- 
limiting  mechanism  at  high  excitation  levels.  The  simplest  way  of  dealing 
with  this  additional  mechanism  is  to  treat  the  electron-hole  events 
analogously  to  ionized  Impurity  scattering  using  Brooks-Herring  theory.  The 
e-h  mobility  can  then  be  combined  with  the  phonon  and  ionized  impurity  com¬ 
ponents  using  Matthlessen ' s  Rule  within  the  relaxation-time  approximation. 
However,  this  approach  can  lead  to  considerable  error  because  it  ignores 
several  important  differences  between  low-density  and  high-density  bipolar 
transport . 

For  example,  while  electron-ion  and  electron-hole  events  both  involve 
charged-center  scattering,  the  screening  of  the  interactions  by  lattice 
ions  and  free  carriers  must  be  treated  differently  in  the  two  cases.  In 
the  case  of  scattering  by  a  stationary  impurity,  the  screening  medium  has 
an  indefinite  amount  of  time  to  respond  to  the  ion  charge.  However,  in  the 
electron-hole  case,  the  Interacting  particles  are  traveling  through  the 
medium  with  a  finite  center-of-mass  velocity  v^^.  The  effectiveness  of 
the  screening  is  therefore  limited  by  the  frequency-response  of  the  screen¬ 
ing  medium,  and  the  interactions  are  stronger  than  in  the  electron-ion 


case.  A  detailed  treatment  of  the  dynamic  screening  (1]  of  carrier-carrier 
interactions  leads  to  the  simple  result:  U(q)  ■  V(7f)  /  e(  q,u)  ■ 
where  V(q)  and  U(q)  are  the  bare  and  screened  Coulomb  potentials 
in  momentum  space  and  e(q,<o)  is  the  total  dielectric  constant  due  to 
screening  by  core  electrons,  lattice  ions,  and  free  carriers.  (In  the  case 
of  scattering  by  ionized  Impurities,  *  0  and  one  recovers  the  usual 
zero-frequency  result).  It  is  shown  in  Ref.  [1]  that  in  certain  limits 
the  electron-hole  scattering  mobility  has  a  relatively  simple  form.  For 
the  case  of  hlgh-denslty  plasmas  generated  by  10.6  pm  irradiation  in 
Hgi_xCdxTe  [2],  it  has  been  verified  that  the  calculated  electron 
mobilities  differ  significantly  from  experimental  values  unless  the  screen¬ 
ing  of  electron-hole  interactions  is  properly  treated  by  the  dynamic 
theory. 

Another  Important  effect  which  is  present  only  in  the  bipolar  transport 
case  is  electron-hole  drag.  This  occurs  when  an  applied  electric  field 
causes  the  electrons  to  "drift"  in  one  direction  and  the  holes  in  the 
other.  While  this  effect  cannot  be  treated  within  the  relaxation  time 
approximation,  it  is  straightforwardly  accounted  for  if  one  employs 
Kohler's  variational  method  [3]  to  solve  the  Boltzmann  equation.  Other 
advantages  of  the  Kohler  method  are  that  it  accurately  combines  the 
scattering  due  to  multiple  elastic  and  Inelastic  scattering  processes, 
including  electron-electron  and  hole-hole  scattering.  Electron-hole 
scattering  may  be  incorporated  using  Brooks-Herring  theory  [4,5]  or  the 
dynamic  screeenlng  theory  discussed  above  [2]. 

The  Kohler  formalism  may  also  be  used  to  calculate  the  ambipolar 
diffusion  coefficient  D  at  high  optically-excited  carrier  densities  [6]. 

One  finds  that  to  first  order  the  additional  electron-hole  scattering  has 
no  effect  on  D,  although  higher  orders  can  give  a  small  decrease  (usually 
leas  than  20%).  This  result  is  not  surprising  when  one  considers  that  in 
contrast  to  the  drift  transport  case  considered  above,  the  electrons  and 
holes  diffuse  in  the  same  direction.  Electron-hole  scattering  simply 
redistributes  momentum  within  the  diffusing  free  carrier  system,  but  does 
not  impede  the  system  as  a  whole.  For  the  case  of  germanium,  it  has  been 
verified  that  the  drift  mobility  decreases  far  more  than  the  diffusion 
mobility  when  high  densities  of  electrons  and  holes  are  optically-injected 
into  the  material  (5,7). 

A  further  factor  Influencing  the  conductivity  at  high  carrier  densi¬ 
ties  is  the  formation  of  excltons,  which  are  not  electriclaly  conducting 
because  they  have  no  net  charge.  Since  the  statistical  factors  favoring 
exciton  formation  go  as  the  square  of  the  carrier  density,  the  fraction 
of  optically-generated  carriers  which  form  excltons  increases  dramatically 
at  high  excitation  levels.  However,  at  sufficiently  high  densities  the 
screening  length  becomes  short  enough  that  the  bound  state  vanishes,  i.e.. 
the  system  passes  through  an  exciton  Mott  transiton  (8).  Although  the 
ocurrence  of  the  Mott  transition  appears  to  be  verified  by  experimental 
luminescence  data  on  Si  and  GaP  (9,10),  the  detailed  nature  of  the  transi¬ 
tion  remains  uncertain  (5,11). 


Experimentally,  combined  electron  and  hole  mobilities  have  been 
determined  for  germanium  at  temperatures  between  21  and  300  K  and  plasma 
densities  between  10^^  and  3xlo'^  cm~^  [5].  At  300  K,  the  mobility 
decreases  monotonlcally  with  increasing  carrier  concentration  to  roughly 
a  factor  of  two  below  the  low-density  value  at  10^^  cm“^.  The 
mobility  decrease  becomes  larger  at  low  temperatures,  reaching  nearly 
two  orders  of  magnitude  at  21  K.  Furthermore,  rather  than  a  monotonic 
decrease  one  observes  a  minimum  mobility  at  intermediate  carrier  densi¬ 
ties.  At  plasma  densities  above  the  minimum,  the  mobility  increases  due 
to  the  effects  of  both  free  carrier  screening  and  the  Mott  transition.  A 
similar  increase  is  predicted  for  300  K  at  carrier  densities  higher  than 
those  investigated  experimentally.  For  silicon,  the  most  relevant  data 
from  the  literature  would  appear  to  be  that  of  Ref.  [12],  in  which  the 
Hall  mobility  was  measured  at  300  K  for  electron-hole  densities  up  to 
about  10^®  cm“^.  However,  an  inadequate  analysis  of  the  effects 
of  mixed  conduction  on  the  Hall  data  did  not  allow  a  reliable  estimate 
of  the  drift  mobility  as  a  fnction  of  carrier  density.  Photo-transport 
measurements  have  also  been  performed  on  CdSe  at  temperatures  between  100 
and  300  K  [13].  While  a  decrease  in  the  hlgh-denslty  mobility  is  reported, 
the  magnitude  of  the  decrease  unfortunately  contains  considerable  experi¬ 
mental  uncertainty.  Beyond  these  experiments,  we  are  aware  of  few  reliable 
hlgh-denslty  (n  >  10^^  cm“^)  mobility  measurements  on  wlde-gap  semi¬ 
conductors  at  temperatures  above  20  K. 

Summarizing,  we  have  briefly  discussed  a  number  of  phenomena  which 
do  not  affect  semiconductor  free  carrier  transport  properties  in  the 
absence  of  optical  excitation  but  which  may  become  quite  Important  at 
high  laser-generated  carrier  concentrations.  While  many  of  the  processes 
are  well  understood  theoretically  and  present  models  usually  give  good 
agreement  with  experiment  in  regions  where  comparisons  have  been  made,  the 
most  general  calculations  have  not  yet  been  performed  for  the  materials 
and  carrier  concentrations  of  greatest  relevance  to  switch  performance  and 
design.  Furthermore,  almost  no  reliable  experimental  drift  mobility  data 
presently  exist  for  the  region  T  >  20  K  and  n  >  10^^  cm“^.  An  examina¬ 
tion  of  the  high-density  transport  properties  in  a  wider  range  of  materials 
is  clearly  called  for  in  order  to  investigate  possible  new  directions  for 
switch  optimization.  It  should  also  be  mentioned  that  nearly  all  previous 
theoretical  and  experimental  transport  work  at  high  optically-excited 
carrier  densities  has  dealt  with  the  limit  of  low  electric  fields.  A 
detailed  investigation  of  high-field  effects  on  the  plasma  conductivity  is 
indicated . 


References 


[1]  J.  R.  Meyer  and  F.  J.  Bartoli,  Phys.  Rev.  B  28,  915  (1983). 

[2]  F.  J.  Bartoli,  J.  R.  Meyer,  C.  A.  Hoffman,  and  R.  E.  Allen,  Phys 

Rev.  B  27,  2248  (1983). 

[3]  M.  Kohler,  Z.  Phys.  124,  772  (1948);  125,  679  (1949). 

[4]  J.  Appel,  Phys.  Rev.  122,  1760  (1961);  125,  1815  (1962). 

[5]  J.  R.  Meyer  and  M.  Gllcksman,  Phys.  Rev.  B  17,  3227  (1978). 

[6]  J.  R.  Meyer,  Phys.  Rev.  B  21,  1554  (1980). 

[7]  A.  L.  Smlrl,  S.C.  Moss,  and  J.  R.  Llndle,  Phys.  Rev.  B  25, 

2645  (1982). 

[8]  G.  B.  Norris  and  K.  K.  Bajaj ,  Phys.  Rev.  B  26,  6706  (1982). 

[9]  J.  Shah,  M.  Combescot,  and  A.  H.  Dayem,  Phys.  Rev.  Lett.  38, 

1497  (1977). 

[10]  H.  Maaref,  J.  Barrau,  M.  Brousseau,  J.  Collet,  J.  Mazzaschi,  and 

M.  Pugnet,  Phy.  Stat.  Sol.  (b)  88,  261  (1978). 

[11]  0.  Hildebrand,  E.  0.  Goebel,  K.  M.  Romanek,  and  H.  Weber,  Phys. 

Rev.  B  17,  4775  (1978). 

(I2j  Yu.  Valtkus,  V.  Grivitskas,  and  Yu.  Storasta,  Flz.  Tekh.  Poluprov 
9,  1339  (1975)  [Sov.  Phys.  Semlcond.  9,  883  (1975)). 

[13]  R.  Baltramiejunas ,  V.  Grlvlckas ,  J.  Storasta,  and  J.  Valtkus,  Phv 
Stat,  Sol,  (a)  19,  K115  (1973). 


VIEUGRAPHS 


FREE  CARRIER  PLASMA  TRANSPORT 
IN  PHOTOEXCITED  SEMICONDUCTORS 


J.  R.  MEYER 


CARRIER  PLASMA  TRANSPORT  IN  PHOTOEXCITED  SEMICONDUCTORS 


MECHANISMS  AT  HIGH  E-H  DENSITIES 


,  M>-fll£5  S39 
UNCLASSIFIED 


UOBKSHOP  ON  NEN  DIBECTIONS  IN  SOLID  STATE  PONER  27t 

SNITCHES  HELD  AT  FARHINGD  (U>  POLVTECHNIC  INST  OF  NEN 
YORK  FARHINGDALE  NEBER  RESEARCH  INST  B  SENITZKV 
24  DEC  85  NS8814-85-G-822G  F/G  9/5  NL 


MICROCOPY  RESOLUTION  TEST  CHART 

M&tinNAl  RURFAU  OF  SlANpARDS  1%<A 


RELAXATION-TIME  APPROXIMATION 


CORRECTIONS  TO  BROOKS-HERRING  THEORY 


GqAs 


STATIC  SCREENING 


CARRIER  DENSITY  (cm"**) 


CONDUCTIVITY  FROM  VARIATIONAL  METHOD 


VANISHES  WHEN 


ELECTRON 


V,  1 


PICOSECOND  PHOTOCONDUCTORS: 
PROBLEMS  AND  PERSPECTIVES 


David  H  Auston 


AT&T  Bell  Laboratories 
Murray  Hill,  NJ 


Picosecond  photoconductors  have  proven  to  be  valuable  optoelectronic  devices 
having  a  wide  range  of  applications'  Although  their  very  high  speed  of 
response  is  the  property  that  accounts  for  most  applications,  there  are  a  number 
of  additional  properties  that  are  equally  important  Their  very  high  power 
handling  capability  has  recently  been  exploited  for  pulsed  power  applications  in 
which  electrical  signals  as  large  as  100  kV  and  2kA  have  been  switched  by 
optoelectronic  switching^  The  extremely  large  dynamic  range  of 
photoconductors  is  determined  on  the  low  end  by  tl^ir  noise  level  which  is 
sufficiently  low  that  signals  as  small  as  1  pK/xZ/fz  can  be  measured  by 
optoelectronic  sampling'.  This  sensitivity,  combined  with  their  jitter-free 
response  to  optical  triggering  has  enabled  complete  optoelectronic 
instrumentation  systems  to  be  developed  for  the  measurement  of  high  speed 
electronic  devices  and  circuits  with  picosecond  precision®  This  approach  has 
greatly  extended  the  capability  for  making  high  speed  electronic  measurements 
beyond  conventional  techniques  such  ais  sampling  oscilloscopes  that  are  limited 
to  rise-times  of  25  ps 

In  addition  to  high  speed  of  response,  picosecond  photoconductors  have  the 
complementary  property  of  very  large  base  bandwidth  For  example,  a  rise-time 
of  1  ps  corresponds  to  a  base  bandwidth  of  approximately  300  GHz  This 
property  has  been  extensively  exploited  for  millimeter-wave  and  far-infrared 
applications  A  novel  example  of  this  approach  is  the  utilization  of  picosecond 
photoconductors  as  Hertzian  dipoles  for  generating  monopulse  and  single  cycles 
of  radiation  in  the  millimeter-wave  and  far-infrared  spectral  range''  Reciprocity 
enables  these  same  devices  to  be  used  as  detectors  of  electromagnetic  pulses  so 
that  a  complete  transmission  system  can  be  made  having  precise  timing  in 
which  both  the  transmitting  and  receiving  dipoles  are  triggered  by  picosecond 
optical  pulses  Although  these  experiments  have  thus  far  been  done  with  low 
voltage  photoconductors,  it  is  clearly  possible  to  scale  up  in  intensity,  enabling 
very  large  electromagnetic  pulses  to  be  generated  and  detected  In  related 
work,  it  has  been  shown  that  electro-optic  materials  can  be  used  to  generate 
and  detect  electromagnetic  pulses  with  bandwidths  extending  as  high  as  5THz^ 
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Some  of  the  problems  and  challenges  that  remain  are  [1]  an  improved 
understanding  of  electrical  contacts  to  photoconductors  under  conditions  of 
very  high  bias  voltage  and  illumination  intensity,  [2]  improvements  in  materials 
to  achieve  a  better  compromise  between  speed  and  sensitivity,  [3]  the 
development  of  better  circuits  having  very  large  base  bandwidths  for  handling 
extremely  short  electrical  transients,  [4]  improved  circuit  models  that  can 
describe  both  the  radiative  and  lumped  circuit  element  properties  of  picosecond 
photoconductors,  and  [5]  new  methods  of  dealing  with  very  high  voltage 
transients  to  prevent  dielectric  breakdown.  These  and  other  problems  will 
ensure  that  picosecond  photoconductors  will  continue  to  be  a  vital  and  exciting 
topic  of  research. 
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ions  as  a  means  o-f  introducing  a  predetermined  defect  density 

into  crystalline  silicon-on-sapphire  films  without  making  the 

material  amorphous  [33.  With  ion  doses  ranging  from  10^^  to  3  X 
15  —2 

10  ions  cm  ,  we  measured  carrier  relaxation  times  ranging  from 

lOO  to  8  psec  and  carrier  mobilities  ranging  from  lOO  to  12 
2 

cm  /Vsec.  Recently  C6],  we  made  the  first  measurements  of 
picosecond  photoconductivity  in  thin  films  of  polycrystalline 
CdTe  grown  by  photon— assi sted  Organometal 1 ic  Chemical  Vapor 
Deposition  (OliCVD)  .  The  fastest  of  these  photoconductors  had  a 
carrier  relaxation  time  of  3.7  psec  and  a  carrier  mobility  of  59 
cm^/Vsec. 

In  summary,  disordered  semiconductors  can  provide  a 
relatively  cheap  source  of  ultrahigh  speed  photoconducting 
devices  without  sophisticated  diode  structures  or  ultrapure 
semiconductors.  In  many  instances,  disordered  semiconductors 
possess  high  dark  resistivity  and  high  dielectric  strength  in 
addition  to  the  defect  structure  facilitating  Ohmic  behavior. 
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Problems  of  High  Power  Photoconductive  Switching  on  a 
Picosecond  Time  Scale 

William  R.  Donaldson  and  Gerard  Mourou 

LABORATORY  FOR  LASER  ENERGETICS 
University  of  Rochester 
250  East  River  Road 
Rochester,  New  York  14623-1299 

High  voltage  photoconductive  switching  is  a  technology  which  cam  deliver 

extremely  fast  rise  time  electrical  pulses.  The  electrical  pulses  generated  in  this 

manner  have  found  a  variety  of  applications  including  the  shaping  of  optical  pulses^ 

2 

and  the  development  of  jitter  free  streak  cameras.  The  speed  of  this  process  is  due 
to  the  almost  instantaneous  absorption  of  light  in  the  bulk  of  a  semiconductor.  The 
amount  of  power  that  can  be  switched  can  be  increased  by  increasing  the  volume  of 
photoconducting  material.  This  can  only  be  accomplished  by  increasing  the  energy  of 
the  excitation  beam.  Thus  the  characteristics  of  the  electrical  signal  are 
fundamentally  dependent  on  the  laser  driver.  The  shorter  risetime  of  the  optical 
signal  will  cause  the  photoconductive  state  to  be  established  sooner  thus  reducing  the 
resistive  heating  during  turn  on.  The  benefits  of  going  to  an  optical  trigger  pulse  of 
few  picoseconds  are  that  we  increase  the  electrical  bandwidth  and  significantly  reduce 
the  possibility  of  switch  damage  due  to  dynamic  switching  energy. 

The  rise  time  of  the  electrical  pulse  is  limited  by  FWHM  of  the  laser  pulse.  The 
laser  driver  must  therefore  produce  a  very  high  energy  short  optical  pulse.  The 
Laboratory  for  Laser  Energetics  has  an  ongoing  program  of  development  of 
regenerative  amplifiers.^  These  amplifiers  work  by  seeding  a  Q-switched  laser  cavity 
with  a  short  pulse  from  a  cw  mode  locked  Nd:YAG  laser.  This  is  accomplished  by 


using  very  fast  electronic  drivers  for  the  intracavity  Pockels  cell.  A  continuously 
pumped  amplifier  cavity  can  obtain  1  mJ  of  optical  energy  in  a  100  ps  pulse  at  a  1  kHz 
repetition  with  a  pulse  stability  of  better  than  1%.  The  performance  of  this  system 
can  be  improved  by  passing  the  mode  locked  seed  pulse  through  an  optical  fiber.  The 
group  velocity  dispersion  (GVD)  in  the  fiber  will  introduce  a  frequency  chirp  on  the 
seed  pulse  which  will  be  impressed  upon  the  amplified  pulse.  The  amplified  pulse  cam 
then  be  compressed  with  a  grating  pair^  to  a  duration  of  15  ps.  GVD  is  not  the  only 
process  occurring  in  the  fiber.  The  intense  light  pulse  induces  self  phase  modulation 
which  increases  the  optical  bandwidth.  The  narrow  gain  bandwidth  of  Nd:YAG  cannot 
amplify  the  entire  spectrum  of  the  input  pulse  and  thus  limits  the  ultimate  amount  of 
compression.  Shorter  pulses  can  be  obtained  by  using  Nd  doped  silicate  glass  as  the 
amplifying  medium,  because  the  glass  has  a  wider  gain  bandwidth.  This  system  can 
produce  2  m3,  1.5  ps  pulses  at  10  Hz.^  The  limited  repetition  rate  is  due  to  the 
difficulty  of  extracting  heat  from  the  glass  rod.  With  further  amplification  stages  it 
should  be  possible  to  obtain  50  m3/pulse.  Thus  we  now  have  high  energy  picosecond 
laser  sources  to  drive  photoconductive  switches. 

Although  the  ultimate  system  parameters  such  as  the  rise  time  and  the  switched 
power  are  determined  by  the  laser  system,  it  is  very  important  to  optimize  the 
material  parameters  to  efficiently  use  the  laser  power.  The  materials  that  we  are 
considering  are  intrinsic  silicon  and  GaAs.  The  maximum  density  of  photo  induced 
carriers  in  these  materials  is  about  lO^Vcc.  At  1.06  pm,  assuming  that  an  electron- 
hole  pair  is  created  for  each  incident  photon,  this  means  that  5  x  lO'*  cc  of 
semiconductor  volume  can  be  brought  into  the  saturated  photoconductive  state  for 
each  m3  of  absorbed  optical  radiation.  The  switching  voltage  will  determine  the  width 
of  the  semiconducting  gap  because  the  surface  breakdown  of  the  semiconductor 


material  is  about  100  kV/cm.  The  next  material  parameter  that  must  be  considered  is 
the  absorption  depth.  At  1.06  microns  this  is  about  0.1  cm.  Ideally,  the  absorption 
depth  should  equal  the  thickness  of  the  switch.  If  the  switch  is  thinner  than  the 
absorption  depth,  then  some  of  the  light  will  not  be  absorbed.  If  the  switch  is  thicker 
than  the  absorption  depth  the  excess  length  will  not  be  utilized.  Since  rise  times  of  a 
few  picoseconds  are  being  considered  it  is  necessary  to  make  the  electronic  structures 
as  small  as  possible  to  minimize  dispersion.  The  geometry  of  the  photoconductive 
switch  is  thus  determined  by  the  available  laser  power  which  sets  the  maximum 
volume  and  the  material  parameters  which  set  the  minimum  dimensions.  The 
electrical  circuit  must  then  be  designed  around  the  switch  to  efficiently  couple  the 
pulse  into  the  load  that  is  to  be  driven.  This  is  a  difficult  task  due  to  the  conflicting 
requirements  of  compact  size  to  accommodate  the  high  frequencies  and  the  need  for 
large  spacing  to  prevent  electrical  breakdown.  Some  of  these  problems  may  be 
alleviated  by  the  reduced  electrical  breakdown  associated  with  ultrashort  pulses. 

These  difficult  design  problems  can  only  be  overcome  if  we  understand  how  the 
electrical  pulses  propagate  through  the  system.  However,  the  electrical  bandwidth  is 
much  larger  than  conventional  electronic  diagnostic  equipment.  The  only  way  to 
measure  these  pulses  is  to  use  optical  techniques.  Mourou  and  Vaidmanis^  have 
demonstrated  that  subpicosecond  rise  time  electrical  signals  of  a  few  millivolts  can  be 
measured  by  using  optical  pulses  to  sample  the  electrical  field  in  an  electro-optical 
crystal  placed  in  proximity  to  the  electrical  circuit.  The  electrical  field  causes  a 
change  in  the  birefringence  of  the  crystal  which  produces  a  change  in  the  polarization 
of  the  light  passing  through  the  crystal.  It  is  this  change  in  polarization  which  is 
detected.  The  high  fields  associated  with  power  photoconductive  switching  will  make 
this  technique  easier  to  use  than  the  mV  signals  which  have  previously  been  detected. 
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PHOTOCOHDUCTOS  SWITCHING:  SOME  PHYSICAL  MECHANISMS 

Robert  B.  Hammond 
Electronics  Division 
Los  Alamos  National  Laboratory 
Los  Alamos,  NM  87545 

Introduction 

At  LOS  Alamos  we  have  studied  fast-risetime  pulse  generation  with  silicon 
photoconductors  excited  by  Nd: glass  laser  pulses.  We  have  achieved  pulse 
risetimes  of  ~1  nsec,  currents  of  several  thousand  amps,  and  square-pulse 
durations  of  200  nsec  into  25  ohm  loads.  Because  of  the  intrinsic  scalability 
of  photoconductor  power  stfitches,  much  higher  po%/ers  are  possible.  In  this 
paper  we  discuss  some  of  the  physical  mechanisms  important  in  photoconductor 
pomr  s%ritching  that  affect  pulse  risetime,  stritching  efficiency,  pulse 
duration,  control  of  photoconductor  temperature,  and  switch  size. 

Silicon  is  attractive  as  the  photoconductor  switch  material  because  large, 
high-quality  crystals  are  readily  available,  it  has  an  indirect  bandgap  and 
thus  long  carrier  lifetime  to  permit  long  pulse  length,  it  has  trell  understood 
and  controllable  properties,  and  it  has  long  absorption  length,  permitting 
large  conductive  volvimes  and  thus  large  currents,  at  1.06  pm  the  wavelength 
of  readily  available  Nd  lasers. 

Risetime 

We  assume  that  the  POPS  is  in  a  coaxial  transmission-line-pulser  geometry 
Where  the  photoconduetor  replaces  the  center  conductor  of  the  coax.  Pulse 
risetime  is  determined  by  the  duration  of  the  excitation  laser  pulse,  the 
inductance/ line- impedance  ratio,  L/Z;  and  the  time  for  optical  absorption. 
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since  Nd  Laser  pulses  can  be  made  as  short  as  10  ps  with  ease,  laser  pulse 
length  is  not  important.  Also,  optical-absorption  time  is  ~10  ps  for  a  l-imn 
absorption  depth  in  silicon  and  so  is  generally  not  a  limit.  Inductance  is 
thus  the  normal  limit  to  achievable  risetime  in  photoconductor  power  switch 
design. 

Efficiency 

Photoconductor  on-resistance  is  determined  by  the  relation: 

»«,  -  ‘•"'‘“.i.o'V’h” 

where  L  is  the  photoconductor  length,  H  .  is  the  total  number  of 

en 

electron-hole  pairs  produced  by  the  laser  pulse,  q  is  the  electronic  charge, 

and  11^ •  are  the  electron  and  hole  mobilities  of  the  photo-excited 

carriers.  In  order  to  reduce  the  on-state  resistance  one  wants  to  decrease 

the  length  of  the  photoconductor  (maximize  its  electric  field  breakdown 

strength);  increase  the  number  of  carriers  produced  by  the  laser  (maximize 

carrier-production  efficiency);  have  high  carrier  mobilities;  and  make  sure 

that  all  the  carriers  are  used  to  carry  current. 

Breakdown  strength  can  be  improved  by  careful  surface  preparation  and 

providing  long  surface  paths  between  electrodes.  To  maximize  carrier 

production  an  efficient  laser  is  needed.  Flash- lamp-pumped  Hd  lasers  are  not 

efficient,  but  very  efficient  semiconductor- Laser-pumped  Hd  Lasers  have  been 

demonstrated.  The  energy  cost  per  electron-hole  pair  in  silicon  at  the  Nd 

laser  wavelength  is  just  1.17  eV.  One  cannot  let  free  carrier  absorption 

18  —3 

steal  photons,  however.  This  limits  carrier  density  to  Less  than  10  cm 

16  -3 

at  room  temperature  and  Less  than  10  cm  at  77K,  see  figures  1  and  2. 

Also  one  must  be  sure  that  all  photoexcited  carriers  are  within  a  skin  depth 
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of  the  photoconductor  surface.  This  criterion  also  limits  carrier  density, 
see  figure  3.  Carrier  mobilities  can  be  enhanced  by  using  pure  material  and 
reducing  temperature,  see  figure  4. 


On-time 

The  photoconductor  relaxes  to  its  non-conductive  state  by  several 
mechanisms.  First,  carriers  can  be  lost  by  bulk  or  surface  trapping  and 
recombination.  Second,  they  can  be  lost  by  recombination  at  the  electrodes. 
Third,  the  build-up  of  space  charge  in  the  photoconductor  can  shield  the 
carriers  from  the  applied  bias.  Despite  the  many  studies  of  photoconductivity 
in  semiconductors  over  the  past  40  years  there  have  been  no  studies  of  these 
effects  for  the  conditions  occuring  in  photoconductor  power  s%fitching.  The 
excitation  conditions  of  the  photoconductor  power  switch  are 
high-optical-excitation- level  and  non-steady-state.  It  is  important  to  study 
these  conditions  to  determine  the  limits  to  on-time  in  photoconductor  power 
switching. 

An  important  limit  to  photoconductor  on-time  is  imposed  by  Auger 
recombination  of  electrons  and  holes  in  the  bulk.  Because  of  this  limit,  long 
on-time  is  incompatible  trith  high  electron-hole  pair  density,  see  figure  5. 

Temperature  Control 

Because  semiconductors  have  conductivities  that  increase  exponentially 
with  increasing  temperature,  it  is  important  to  control  the  photoconductor 
temperature  so  that  it  does  not  become  conductive  from  heating  and  experience 
"thermal  runaway",  see  figure  6.  It  is  also  important  to  fabricate  the 
photoconductor  from  high  resistivity  material  to  minimize  dark  current 
heating.  The  highest  resistivity  that  silicon  can  have  is  its  intrinsic 
resistivity.  This  is  2.3  X  10^  ohm-cm  at  room  temperature.  This 


resistivity  can  be  achieved  using  Au-compensated  n-type  material,  see  figure 
7,  or  by  using  Li-compensated  p-type  material.  The  heating  in  the 
photoconductor  during  conduction  is  of  course  minimized  by  minimizing  the 
on-state  resistance.  This  will  be  a  design  trade-off  since  lowering 
on-resistance  re<iuires  more  photons  in  the  excitation  laser  pulse.  Me  are 
fortunate,  however,  that  semiconductors  have  very  high  thermal  conductivities, 
see  figure  8,  and  thus  make  it  relatively  easy  to  remove  excess  heat. 

Summary  and  Outlook 

Silicon  photoconductors  excited  by  Nd-laser  pulses  are  promising  as 
high-speed,  high-pot#er  closing  s«ritches.  Fundamental  studies  of  the  important 
physical  mechanisms  in  photoconductor  on-time  and  breakdown  strength  are 
needed.  Development  of  efficient  semiconductor- laser-pumped  Hd  lasers  will  be 
important  to  future  applications.  Optimization  of  POPS  design  for  room 
temperature  and  low  temperature  operation  should  be  performed  to  look  at 
system  trade-offs. 

References 


1)  W.  C.  Nunnally  and  R.  B.  Hammond.  "Optoelectronic  Switch  for  Pulsed 
Power,"  in  Picosecond  Optoelectronic  Devices.  C.  H.  Lee,  ed.;  Academic  Press, 
Orlando,  198A,  pp.  374-398. 

2)  Robert  B.  Hammond.  "Extremely  Fast  Risetime  Switches,"  in  Proceedings  of 
the  Workshop  on  Solid  State  Switches  for  Pulsed  Power,  Jan.  12-14,  1983; 
Tamarron,  Colorado;  pp.  222-2S7. 


242 


Doc  1168V 


3)  U.C.  Munnally  and  R.  B.  Hamnond.  "80-MW  Photoconductor  Power  Switch, 
Applied  Physics  Letters,  Vol.  44,  pp.  980-982,  1984. 


4)  P.  Siffert  and  A.  Coche.  "Behaviour  of  Lithium  in  Silicon  and  Germanium,” 
in  Semiconductor  Detectors.  G.  Bertolini  and  A.  Coche,  eds.;  Wiley 
Interscience,  Hew  York,  1968,  pp.  27-52. 

5)  C.  Jacoboni,  C.  Canali,  G.  Ottaviani,  and  A.  A.  Quaranta,  "A  Review  of  Some 
Charse  Transport  Properties  of  Silicon,”  Solid  State  Electronics,  Vol  20,  p. 
77,  1977. 

6)  M.  G.  Holland,  "Phonon  Scattering  in  Semiconductors  from  Thermal 
Conduetivity_Studies,”  Physical  Review,  yol  134,  p.  A471,  1964. 


2'*3 


•  •'  •*" 


Doc  1168V 

y'A 


Si  FRE 


m 


r: 

m 

m 


(iu3)  Hid3a  Noiidaosav  (a/i) 


•-  N  ^  • 


FIGURE  2 
2^5 


MOBILITY  (ciit2/V-s) 


SILICON  ELECTRON  MOBILITY 

10®  F — I — I  1 1 1 1 ii| - 1  ~l'  I  iiiii| — I — TTTTTq 

-  Nq  <  10l2cm'2 


10® 


10^ 


103 


102 


10  102 
TEMPERATURE  (K) 


FIGURE  4 


s'-  , 


INTRINSIC  SILICON 
Ef  =  105  V/cm 


FIGURE  6 


GOLD  CONCENTRATION  (atoms/cm^) 


A 

10^^cin“^,  D 
G 

-3  , 

10  cm  ,  J 

M 


FIGURE  7 


V  T* 


•  • 

o 

tf) 

P 

s 

s 

H 

< 

? 

m 

u 

n 

P 

O 

»4 

H 

< 

O 

O 

p 

Q 

(0 

2 

o 

>* 

p 

u 

PU 

o 

H 

o 

M 

P 

P 

O 

a< 

(0 

q: 

:l 

K 

A  S 

Z  BO 

s  ^ 

<  < 
X  Z 

•  2 

03  C 

CQ  o 

2  § 


— NOISUIC  K>1 


OVERVI EW/SUMM  ARY 


GaAs 


t  *>  “ 


f. 


k  •  .  M 


\/Bty  lyh  poo^ 

comer  dr«isi  6  6)QS$  ^  mcfewib 

*  Ofificsid  / pf^t  6^mc. 

*  jo(M7e6^/^u)  tndiuc^^^ 


^  SoUdshati^ 


»/  //^ 


*  ^ 


•  0^6tds 

^  <vfcul<Ufl^ 

•  M(tcct  B<^fldj<f 

•  tonj  cstner  tfjdsimt 

•  (Jdl  undetistood ^  ConMoMs.  priozds^^ 


(jODc^  Nd  ydG-  fojer 


Ht^tt  /Ht 


(  S/int^  £u  ^  i^® 


.•  ‘w  «•  J" 


'.'’-V- v.\- ^  ,vy  ^ 


A  m.  "L^v— r 


^  a  —  Jl  -.a  -  <  -  M  -  A  _  •  _  «  - 


254 


fi 


/  ^ec  C-t  a  0(>m) 

to^  -  /(j‘  V 
(l  *  /  6« 


Pt/Jit,  iO/WtC 

Room  / Lo*i  "Ten^of*kMn. 


IPHOTOCONDUCTOR  POWER  SWITCHINi 


RISETIME: 


short-pulse  source 
circuit  limits-geometry 


SWITCHING  source  efficiency 

EFFICIENCY:  carrier-production  efficiency 

carrier  mobility 
bias 

contact  resistance 


ON-TIME: 


lifetime 

sweep-out 


TEMPERATURE  resistivity 
CONTROL  Ron 

thermal  conductivity 


SWITCH 

VOLUME; 


current  density 
breakdown  strength 


256 


jtsukmiL 


lOi  timi 


tPFlUENC^ 


fiiinmiA  L  6^) 

A4k  Gvr/er- 

^ww«/ae  /cy/<* 


258 


1000 


ABSORBTION  LENGTH  (fim) 


SWITCHING  EFFICIENCY 


SOURCE 


Pout 

total  efficiency:  p~ 


•  Efficient  carrier  production: 

-  low  average  energy  per  e~h  pair. 

•  Long  adsorption  length: 

~  large  conductive  volume  high  current 

•  Skin  depth  Absorption  length 


isnscsMasi 


f  High  current  per  carrier 
-nigh  carrier  mobilities: 

•  Hiflh  bias.  V, 

—  nigh  breakdown  strength: 

•  Low  contact  resistance 


^  ^  1 


OURCE  EFFICIENCY 


3)  Electron 


MEAN  RANGE  OF  ELECTRONS 


RANGE 


ELECTRON-HOLE  PAIR  DENSITY  (cm-3) 


JinPACT  JpHitffTiON 


Ocncro^tio/i  : 

•  •  ' 


£iex,tron  ctcnst  t^  • 

A(tJ  -  n,  e’ 


•imVptr 


00-  ^6^6^ : 


t^  /(^mrcc 


.Of  cm 


SWITCH  I  ON-TIME 


S(J0iTCH  io 


I 


omik  “Tixi 


ppaij 


«n4  ^wfnhtnoJbion 


Surfacfi  IU<Jomlw»tion 

J Con  6acf  fi^at/nlMnaBi 


Spoi/X  “C^croc 


C.^^'rier  t»»*\c. 


0) 

u 

3 
o  u 

a- 

85 


%-i 

•o 

« 

XS’O 

«  g 


CIW< 


Los  Alamos 


DIAMOND 
(TYPE  n) 


PoLse  GeNeiATtohf  -* 

S/(t^  InbyraJbzict  Circa/vs 


Lo(j  ftjojtr ;  /nK  t»  l/j  mW 


•  Normo^Hy  4Cjy  limits  ruc^Sni. 

Onofuctaact  ?) 

•  £Siic.i€/icy  m^portoj^t 

ic.-lti/i/  pnls^s 
Son/ car}e6ictor  icLter- 


«  ,  { 


k.J 


1 


■r-i 


(DISTANCE  FROM 
PULSE  SOURCE) 


*  ■“WWV* 


PiiosLeA 


Lorg  On^tiw  VUiAV  fii 

Hi6^  dms 

*  InpofJi  Itnti^ahiiiofi 

Joftn  de^iftexs/i^ 


00 


gmcdGNT  Ndiy4& 

SrAfyuTir  Of  SrM 

VH&^^  ^ANfi<f^0NT 


HIGH  POWER  PHOTOCONDUCTIVE  SWITCH  APPLICATIONS 


I 


I 


W.  C.  NUNNALLY 


POWER  CONDITIONING  LABORATORY 
P.O.  BOX  19016,(817)  273-3409 
ENERGY  CONVERSION  RESEARCH  CENTER 
UNIVERSITY  OF  TEXAS  AT  ARLINGTON 
ARLINGTON,  TX  76019 


INTRODUCTION 

The  use  of  photoconductors  for  very  high  power  switches  was  initially 
demonstrated  at  the  Los  Alamos  National  Ledsoratory  with  funding  from  the 
Chief  Scientist  of  the  Air  Force  Weapons  Laboratroy,  Kirtland  AFB,  NH  and 
from  the  Naval  Surface  Weapons  Center,  Dahlgren,  VA.  A  single,  silicon 
photoconductive  switch  operating  at  a  voltage  of  150  kV  has  been  used  to 
switch  a  225  HW  pulse  of  200  nS  duration  into  a  matched  resisitive  load 
using  only  20  mJ  of  1.06  micron  laser  energy. 

Photoconductive  power  switches  have  specific  advantages  that  permit 
them  to  be  used  in  applications  where  no  other  switching  technology  can 
function  jas.well.  In  addition,  the  euSvantages  of  photoconductive  switches 
make  other  approaches  to  power  conditioning  possible.  However,  in  other 
applications,  photoconductors  are  at  a  disadvantage  when  compared  with 
conventional  switches.  Photoconductive  switches  are  not  a  universal 
switching  solution,  but  they  have  a  performance  advantage  that  is  unique. 
Indeed,  the  advantages  of  photoconductive  switches  may  make  some 
applications  possible  that  have  previously  been  unattainable. 

ADVANTAGES 

The  major  advantages  of  photoconductive  power  switches  over 
conventional  solid  state  switches  are: 

1.  Minimum  resistive  closure  time  that  is  dependent  on  an  external 
optical  source  such  as  a  laser  and  permits  the  fastest  possible 
risetimes  at  high  voltages. 

2.  Distributed  conduction  of  switched  current  that  makes  minimum 
inductance  possible  and  thus  minimum  circuit  limited  risetimes. 

3.  Bulk  resistive  voltage  holdoff  that  grades  the  applied  voltage 
across  the  entire  device  and  permits  one  device  to  be  used  for 
very  large  voltages. 

4.  The  direct  optical  control  of  many  parallel,  series  or  sequential 
switches  with  sub-nS  precision  and  high  voltage  isolation. 

5.  Photoconductive  switches  do  not  rely  on  junctions  for  voltage 
hold  off  and  thus  have  bidirectional  current  capability. 

6.  Photoconductive  switches  represent  the  ideal  diffuse  discharge 
gas  switch  but  with  the  advantages  of  an  order  of  magnitude  less 
control  energy  and  the  possibility  of  removing  thermal  energy 
directly  from  the  conducting  meduim  in  situ  to  promote  repetitive 
operation. 


DISADVANTAGES  OF  PHOTOCONDUCTIVE  POWER  SWITCHES 


The  disadvantages  of  photoconduct ive  power  switches  include: 

1.  The  electrical  pulse  length  of  photoconductive  switches  is 
limited  to  a  fraction  of  the  photoconductor  carrier  recombination 
time  in  an  impulse  triggered  system  emd  thus  the  realizable  pulse 
lengths  are  limited  to  about  1  microsec. 

2.  The  electrical  pulse  length  can  be  increased  in  a  pulse 
modulation  system,  but  only  by  increasing  the  optical  energy 
required  for  operation.  The  optical  sources  required  for  very 
high  power  electrical  pulses  are  not  presently  available. 

3.  The  pulse  rate  at  which  a  photoconductor  can  be  operated  is 
limited  by  the  average  power  of  available  optical  sources  and  by 
the  rate  at  which  the  resistively  deposited  thermal  energy  can  be 
removed  from  the  photoconductor  material. 

4.  Large  photoconductors  are  difficult  to  fabricate. 

5.  Present  day  photoconductive  switches  are  not  as  rugged  as 
conventional  spark  gaps. 


AREAS  FOR  FUTURE  DEVELOPMENT 

The  following  areas  for  development  are  necessary  to  Improve  the  state 
of  the  art  in  photoconductive  power  switches: 

1.  Determine  the  cause  of  surface  flashover  in  photoconductors  to 
increase  the  operational  electric  field  and  reduce  the  required 
optical  energy. 

2.  Determine  methods  of  increasing  the  intrinsic  resistivity  of 
available  silicon  while  maintaining  long  recombination  times. 

3.  Determine  methods  of  fabricating  semi-insulating  GaAs  with  much 
longer  recombination  times. 

4.  Develop  additional  sources  of  high  power  optical  energy  with  high 
pulse  rates  such  as  Injection  laser  diodes,  etc  to  permit  higher 
pulse  rate  operation  of  photoconductive  switches. 

5.  Develop  method  of  fabricating  large  photoconductor  geometries 
with  high  mobility,  long  recombination  times  and  high  bulk 
resistivities. 

5.  Develop  ideal  photoconductor  for  switchina  with  high  mobility, 
desired  optical  band  gap,  high  bulk  resistance  and  long  carrier 
lifetimes  using  superlattices. 
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OPTICALLY  ACTIVATED  SEMICONDUCTORS  AS  REPETITIVE  OPENING  SWITCHES 


E.  A.  Chauchard,  M.  J*  Rhee,  Chi  H.  Lee 
Electrical  Engineering  Department 
University  of  Maryland 
College  Park,  Maryland  20742 


ABSTRACT 


We  demonstrate  for  the  first  time  the  operation  of  a  semiconductor  repeti¬ 
tive  opening  switch.  A  semiconductor  is  maintained  In  a  conductive  state  by 
Illumination  with  a  cw  argon  laser  light.  The  opening  of  the  switch  Is  obtained 
by  Interrupting  the  light.  A  turn-off  time  of  1  ns  has  been  achieved. 


PACS:  85.20.Vq,  84.60.Td,  85.30.Fg,  85.60.Me 


The  rapid  progress  of  inductive  energy  storage  circuits  as  pulsed  power 
systems  has  required  the  development  of  new  opening  switches  [1,2,3].  These 
switches  should  be  fast,  capable  of  handling  high  voltages,  and.  In  many  appli¬ 
cations,  jitter  free.  Among  the  switches  being  commonly  used,  many  have  the 
following  drawbacks:  slow  turn-off  time,  single-shot  operation,  short  closing 
period,  low  repetition  rate.  Inaccurate  triggering.  The  unique  characteristics 
of  light-activated  solid  state  switches  make  them  prime  candidates  for  repeti¬ 
tive  opening  switches.  Since  the  switch  is  activated  by  laser  using  the  photo¬ 
conductivity  effect.  It  Is  Jitter  free.  Using  bulk  semiconductors,  these 
switches  can  withstand  high  voltages  and  high  current,  as  It  has  already  been 
demonstrated  for  closing  switches  [4,5].  In  this  paper,  we  demonstrate  for  the 
first  tlme^he  operation  of  semiconductor  opening  switches,  and  we  show  that  the 
turn-off  time  can  be  as  fast  as  1  ns. 

In  this  work,  two  planar  switches  are  examined.  The  two  gold  electrodes 
are  deposited  on  the  surface  of  a  piece  of  bulk  semldoncutor.  One  device  Is  a 
200  um  gap  GaAs  switch  and  the  other  Is  an  Interdigltated  4  pm  gap  InGaAstFe 
switch.  To  keep  the  switch  closed.  Its  gap  Is  continuously  Illuminated  with 
argon  laser  light  at  314  nm.  The  opening  Is  achieved  by  Interrupting  the  light 
by  means  of  a  Pockels  cell  placed  between  two  parallel  polarizers  (Fig.  1). 

The  electrical  pulse  delivered  to  the  Pockels  cell  Is  200  ns  long;  Its  rise  time 
and  fall  time  are  <  1  ns.  To  demonstrate  the  operation  of  the  opening  switch, 
we  use  an  Inductive  storage  circuit  as  shown  In  Fig.  1.  The  circuit  is  built  in 
a  shielded  box  to  avoid  the  electromagnetic  Interference  from  the  Pockels  cell 
power  supply.  The  temporal  shape  of  the  transient  signal  obtained  when  the 
switch  opens  is  observed  on  the  oscilloscope  using  a  50  0  plug-in. 

In  the  circuit  represented  In  Fig.  1,  the  current  I(t)  through  the  load  as 
the  switch  opens  may  be  described  by  the  following  equation: 
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(1) 


„  d^I(t)  .  1  dl(t)  .1 . 

+  +  .0  . 

where  C  Is  the  capacitance,  L  Is  the  Inductance,  and  is  the  load  resistance 
“  R  +  50  il).  The  solution  of  this  equation  with  initial  current  at  t  ■  0 


l(t)  -  kI^[exp(S^t)  -  expCS^t)]  ,  (2) 

where  k  -  (2R^C/a)~\  Sj  -  -(l/2Rj^C)  +  /I,  -  -(l/2Rj^C)  -  /T,  and 

2 

A  *  (1/2R^C)  —  1/LC.  in  this  case  represents  the  anqilitude  of  the  current 

difference  in  the  switch  when  it  opens:  I  -  V(l/R  -  1/R  ,-),  where  V  is  the 

o  on  off 

applied  voltage  and  R  and  R  are  the  switch  resistances  at  the  on-state  and 

on  ozt 

the  off-state,  respectively.  The  waveforms  described  by  equation  (2)  are  of 
three  types:  A  positive  corresponds  to  overdamped  solutions,  A  negative  to 
oscillatory  solutions,  and  A  >  0  corresponds  to  the  critical  damping.  One  can 
calculate  the  following  features  of  the  current  waveforms.  In  the  oscillatory 
case,  the  period  of  oscillation  is 


T  -  2n//^  . 


In  the  damped  case,  the  slope  of  the  current  waveform  at  t  -  0  is 


dl/dt  - 


and  the  fall  time  for  the  overdamped  case  is: 


T  -  (l/2R^C  -  1//a)' 


If  no  capacitance  is  used  in  the  circuit,  a  similar  treatment  leads  to  a  fall 
time  of 

T  -  L/Rj^  .  (6^ 
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The  voltage  signal  observed  on  the  oscilloscope  Is:  u(t)  ■  50  x  I(t)  . 

The  dark  (off)  resistances  of  the  GaAs  and  InGaAstFe  switches  respec¬ 
tively  are  2  MO  and  150  kO.  When  Illuminated  with  a  2  watts  argon  laser  beam 
focused  on  the  gap,  their  resistances  decrease  to  10  kO  and  150  0.  Fig.  2  shows 
the  200  ns  long  cut-off  of  the  light,  and  the  waveforms  observed  with  the  GaAs 
switch  for  different  parameters  of  the  circuit  during  this  200  ns  period.  No 
capacitance  Is  used.  To  understand  those  waveforms  for  the  values  of  V,  R,  L, 
^on’  \ff  °“®  "“St  take  Into  account  the  stray  capacitances  of  the 

circuit.  Part  of  It  (9.7  pF)  Is  due  to  the  10  cm  seml-rlgld  50  0  coaxial 
cable  connecting  the  switch  to  the  circuit.  For  the  oscillatory  case  (Fig.  2b) , 
equation  (3)  allows  to  deduce  a  value  of  22  pF  for  the  capacitance.  In  the 
overdamped_cases  (Fig.  2c,  d,  and  e) ,  the  fall  time  of  the  signal  Is  In  good 
agreement  with  equation  (6),  which  holds  If  the  capacitance  Is  very  small. 
Equation  (4)  allows  us  to  calculate  a  value  of  the  capacitances  of  30  pF  In 
Fig.  2e,  where  the  slope  of  the  rising  current  at  t  *  0  can  easily  be  measured. 
This  value  Implies  a  fall  time  t  -  260  ns.  In  good  agreement  with  the  measured 
value.  The  fastest  rise  time  observed  with  the  GaAs  switch  was  5  ns  (Fig.  2c). 
This  Is  In  accordance  with  the  expected  carrier  recombination  time  In  this 
undoped  material.  In  the  case  of  the  InGaAs:Fe  switch,  the  carrier  recombin¬ 
ation  time  Is  only  of  the  order  of  300  ps.  The  switch  turn-off  speed  Is  then 
limited  by  the  Pockels  cell  rise  time  (1  ns).  We  Indeed  observe  a  1  ns  turn-off 
time  (Fig.  3).  The  waveforms  obtained  with  this  second  switch  show  the  same 
characteristics  as  those  with  the  GaAs  switch.  In  this  experiment,  no  attempt 
has  been  made  to  further  decrease  the  resistances  of  the  switches  at  the  on- 
state.  This  can  be  achieved  by  using  higher  laser  power  or  longer  wavelength. 
Indeed,  the  absorption  depth  of  514  nm  wavelength  light  in  GaAs  Is  only  0.1  pm 
[61.  This  Is  not  suitable  for  obtaining  a  low  on-state  resistance,  since  It 
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reduces  the  electron  path  to  a  very  thin  layer.  Another  development  of  these 
switches  would  be  to  use  larger  gap  sizes  capable  of  withholding  higher 
voltages. 

In  conclusion,  we  have  demonstrated  for  the  first  time  the  operation  of  a 
1  ns  rise  time  semiconductor  repetitive  opening  strltch.  Although  In  this  work 
only  10  hz  repetition  rates  have  been  achieved,  these  switches  are  potentially 
capable  of  operating  at  very  high  repetition  rates. 
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FIGURE  CAPTIONS 


Ezperiaental  set-up.  P  is  a  polarizer. 

Heasured  waveforms,  (a)  200  ns  long  cut-off  of  the  light. 

(b,c,d,e)  output  voltage  waveforms  obtained  with  the  GaAs  switch  for 
V  »  20  volts,  R  >  12.5  kO,  and  R  ~  85  kO.  No  capacitance  was 
used,  (b)  Rj^  -  573  n,  L  -  1.8  pH;  (c)  R^^  -  50  £1,  L  -  20  pH; 

(d)  Rj^  -  573  £1,  L  -  20  pH;  (e)  R^^  -  573  £1,  L  -  156  pH. 

Output  voltage  waveform  obtained  with  the  InGaAs:Fe  switch  for 
R^  «  50  £2  and  L  >  20  pH  showing  a  1  ns  rise  time. 


PHOTODETEOTOR 


OPTICALLY  ACTIVATED  SEMICONDUCTORS  A! 


THE  UNIQUE  CHARACTERISTICS  OF  LIGHT  ACTIVATED  SEMICONDUCTOR 
SWITCHES  MAKE  THEM  PRIME  CANDIDATES  FOR  REPETITIVE  OPENING 
SWITCHES: 

k  A 

-  FAST  TURN-OFF  TIME  . 

* 

-  JITTER  FREE  OPENING 

-  HIGH  VOLTAGE.  HIGH  CURRENT  WITHh5lDING  CAPABILITY 

_  *“  » 

-  HIGH  REPETITION  RATE  CAPABILITY. 

WE  DEMONSTRATE  FOR  TH^  FIRST  TIME  THE  OPERATION  OF  A. 
SEMICONDUCTOR  REPETITIVE  OPENING  SWITCH.  A  TURN-OFF  TIME 
Of  1  NS  AND  A  REPETITION  RATE  OF  10  HZ  HAVE  BEEN  ACHIEVED. 
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TABLE  III. 


Basic  Research ‘Issues. 


Basic  Research  Problems 


Research  Approach 


1.  Surface  breakdown  mechanism* 
on  semiconductor  surface. 

4  - 

2. -.  Development  of  new  materials 

suitable  for  light  activation. 


4 

3,  Light  source  development, 

including  laser  and  ocher  light 
sources. 


_  V 

4.  Light  source  modulation. 


5.  Modeling  and  simulation. 

s 

6.  .Opening  time  versus  voLtage 

drop. 


♦ 


Investigate  various  coatings 
;for  resistance  to  breakdown. 

Choose  candidate  materials  and 
-  characterize  mobility,  quantum 
efficiency,  and  recovery 
mechanism. 

.Compare  performance  of  the 
switch  under  single  photon  and 
double  photon  absorption. 

Study  carrier  distribution 
under  vArious  conditions. 

Devise  method' of  modulation  to 
terminate  the  light  on  the 
target  quickly.  Deflection  of 
beam  with  electro-optic  device 
may  be  needed. 

•  V 

Use  both  lumped  circuit,  and 
transmission  line  models. 

»  , 

Investigate  effect  of  doping 
with  deep  level  impurities  on 
opening  time  and  dark 
resistivity.  Investigate 
methods  of  reducing  the 
recombination  time  of  carriers 


Experimental  verification  of 
scalability. 


7.  Scalability 
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TABLE  I.  Semiconductor  materials  Investigated  for  kilovolt 
photoconduct i VC  switching.*^  > 


Semiconductor 

Eg  (ev)  . 

Carrier 

Lifetime 

(na) 

Dark 

Resistivity 

Si  (Intrinsic) 

1 

1.16 

10^ 

5  X  id* 

% 

*Cr:GaAs 

a 

1.42 

<  1 

>  10^ 

» 

• 

• 

FetlnP 

1.29 

<  1  . 

>  10^ 

*CdS,Sej., 

1.8  ~  2.4 

>  10  » 

4 

>  10^ 

CaP 

• 

2.24 

>  1 

>  10^ 

^Diamond  (lla) 

5.S 

'.  <  1 

>  10** 

* 

4  « 

% 

\ 

*Fi'rsC  developed  at  the  University  of  Maryland. 
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TWO  PLANAR  SWITCHES  ARE  USED: 

.  _  ^GaAS  SWITCH.  200  mM -SAP 

-.lNeAAS:FE  SWITCH/  INTERDIG ITATED/' <1  GAP 

TO  KEEP  tHE  SWITCH  CLOSED.  ITS  GAP  IS  CONTINUOUSLY  ILLUMINATED 
’•'»TH  argon- laser  light  at  51^1  NM.  THE  OPENING  IS  ACHfEVm  BY 
INTERRUPTING  T.l  *  ’''-NT  ::.Y  fCANS  OF  A  POCKELS  CELL  PLACED 
BETWEEN  TWO  PARALLEL  POLARIZERS.  TO  DEMONSTRATE  THE  OPERATION 
OF  THE  OPENING  SWITCH.  WE  USE  AN  INDUCTIVE  STORAGE  CIRCUIT. 
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Circuit  Modelling 

* 

In  Che  Inductive  scorege  circuit,  the  current  through  the  load  as  the 


switch  opens  »ay‘be  described  by: 

-* 

.2 


where 


R  4-  SO  Q 


Solution: 


I(t)  -  kl^  (exp(Sjt)  -  expCSjt)! 


where  k  -  (2tL^  c/iT  )“^  ,  -  -(l/2Rj^C)  4  /tT S^  -  -(I/2Rj^C)  -  /T  . 


d  -  (l/2Rj^C)^  -  1/LC  .  -  vn/Rj^^  -1/R^jj).  R^^  and  R^^^  arc  the  switch 

m 

resistances  at  the  on-state  and  the  off -state  respectively. 

4  • 

Three  types  of  waveforms: 


1..  A  >  0:  overdaaped  so}.ution 


falltijM:  T  -  ^l/2Rj^C  -  1//S"  )*^  . 


slope  at  t  “0;  dl/dt'* 


II.  A  *0  critical  damping 


III.  A  e  0  oscillatory  solution 
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HOS  CONTROLLED  THYRISTORS  (MCT'S) 
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ABSTRACT 

Th«  ieaiibility  of  a  new  class  of  power  devices  which  is  based 
on  an  optimal  combination  of  MOS  and  thyristor  elements  has 
been  shown.  Devices  of  this  class  function  in  the  on-state  and 
oH-stale  in  a  manner  indistinguishable  from  a  thyristor,  yet  can 
switch  from  on-to-off  or  off-to-on  by  applying  a  voltage  to  its 
MOS  gate.  Thus,  the  devices  exhibit  extremely  low  forward  drop, 
high  surge  current  capability  and  enjoy  rtegative  thermal 
feedbacW.  To  turn  off  the  device,  one  activates  the  gate  so  that 
PET'S  are  turned  on  to  effectively  short  one  of  the  emitting 
junctions  of  the  thyristor.  These  FETs  need  only  block  a 
maximum  of  about  IV  when  off  and  carry  a  sizable  current  for 
about  a  microsecond  when  on.  To  turn  on  the  device,  any  of  the 
normal  methods  may  be  employed.  However,  it  is  most  con¬ 
venient  to  use  the  same  MOS  gate  electrode  (and  polysiltcon 
layer)  and  a  voltage  of  the  opposite  Clarity  to  turn  on  the 
thyristor  with  another  PET  -  just  as  if  it  were  a  normal  MOS 
gated  thyristor.  The  current  density  that  can  be  turned  off 
depends  on  the  density  and  effective  resistance  of  the  turn-off 
PET'S,  while  turn-on  speed  and  di/dt  rating  depend  on  the  initial 
turn-on  area  which,  in  turn,  depends  on  the  density  of  the  on- 
FET's.  If  the  off-gate  voltage  is  maintained  during  the  desired 
off-state  period,  tlw  device  has,  effectively,  an  infinite  dv/dt 
capability-  Switohing  speed  is  most  similar  to,  but  somewhat 
faster  tlian,  that  of  CTO's  (Cate  Turn-Off  thyristors)  and,  as  in 
other  bipolar  devices,  depends  chiefly  on  carrier  recombination 
time,  device  thickness  and  turn-off  di/dt. 


INTRODUCTION 

There  have  been  a  number  o(  investigations  of  various 
MOS-bipolar  device  alternatives  described  in  the  literature  which 
benefit  from  either  the  high  PET  input  impedance,  as  in  the 
Darlington  configuration,  or  from  the  high  PET  switching  speed, 
as  in  the  parallel  MOS-bipolar  transistor  (MOS-BT)  configuration. 
There  are  advocates,  as  well,  lor  the  series  low  voltage  MOS-high 
voltage  BT  configuration  to  improve  turn-off  performance  of  the 
BT  without  the  normal  second  breakdown  phenomena.  In  all  of 
these  devices  there  are  performance  drawbacks.  In  the 
Darlington,  forward  drop  is  increased.  In  the  parallel  combina¬ 
tion,  we  still  have  to  drive  the  bipolar  device  (in  cotKert  now  with 
the  PET)  to  achieve  faster  less  lossy  turn-off.  The  BT,  however, 
still  limits  the  useful  cut  off  frequency.  In  the  series 
combination,  forward  drop  it  increased  and  two  gates  mutt  be 
driven. 

In  the  MOS-thyristor  (MOS-T)  combination  there  are  two 
devices  of  note,  as  shown  In  Figure  I.  One  is  the  MOS-gated 
thyristor  of  Figure  lA,  where  on*  has  a  MOS  element  connected 
between  anode  and  gate  with  an  ability  to  turn  on  a  large  portion 
of  the  device  simultaneously  without  having  to  supply  the  large 
(though  short)  gate  current  pulse  that  must  be  supplied  to  a 
typical  inserter  thyristor.  In  the  recently  described  "Insulated 
Cate  Transistor"  (IGT)(1>.  illustrated  schematically  m  Figure  IB, 
it  is  not  clear  that  the  device  should  be  classified  as  a  thyristor, 
since  in  the  on-slate  the  device  effectively  resembles  a  senes 
diode  -low  voltage  MOSPET.  In  the  on-siate,  the  thyristor  is 
parasitic  and,  if  it  latclies,  will  prohibit  gate  control.  In  the  off- 
state  and  in  device  construction,  the  device  is  a  thyristor  and, 
therefore,  blocks  voltage  in  both  directions.  If  the  device  is 
compared  at  the  tOOV  level  to  a  transistor  (at  a  forced  gain  of  )l, 
it  can  carry  about  three  limes  llie  current  density  at  a  2V  forward 
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drop.  Compared  to  a  600V  MOSFET,  it  has  about  a  20  times 
higher  current  density  at  2V.  This  is  significant  because  the 
single  control  electrode  is  the  MOS  gate.  However,  the  series 
PET,  the  electron  spreading  resistance,  the  modest  level  of 
modulation,  and  the  nonuniform  How  of  current  lead  to  a  quite 
different  story  when  its  forward  drop  is  compared  to  that  of  a 
thyristor.  Now  the  ICT  has  a  10  times  smaller  current  density  at 
IV  and  a  SO  times  smaller  current  density  at  2V  than  a  compar¬ 
able  600V  thyristor  with  the  same  doping  profile  and  carrier 
lifetime  profile.  Obviously  what  is  needed  is  a  thyristor  which 
can  be  MOS  controlled  in  turnoff,  as  well  as  turn-on. 

Tfie  key  to  accomplishing  this  turn-off  function  is  to  realize 
that  thyristors  have  a  holding  current  capability  which  is  normally 
dictated  by  p-base  resistivity  and  emitter  short  density,  with  low 
short  density  giving  the  lowest  forward  drop  and  holding  current. 
What  our  FET's  must  do  is  to  control  the  short  density,  making  it 
very  high  when  we  want  to  turn  off  and  very  low  (even  zero)  when 
we  want  to  be  on.  Figure  2  indicates  how  this  can  be  most  easily 
accomplished.  On  the  left,  the  PET  element  is  seen  to  short  the 
upper  transistor  emitter  junction,  while  on  the  right  we  see  a  unit 
cell  cross-section  of  a  practical  device. 

TURN-OFF  DESIGN 

1>ie  key  to  turn-off  is  to  break  the  latched  condition  in 
multiple  parallel  cells,  such  as  that  of  Figure  2.  For  simplicity, 
the  minimum  design  requirements  estimate  lor  breaking  latching 
will  now  assume  this  to  be  an  MCT  composed  of  1  cm  long 
rectangular  cells.  To  break  the  latching  current,  it  is  simply 
assumed  that  holes  from  the  p-anode  must  prefer  the  FET  path  to 
the  thyristor  emitter  junction  path.  In  a  worst  case  calculation,  it 
is  assumed  necessary  to  divert  nearly  all  of  the  hole  current  to 
the  FET,  while  holding  the  maximum  emitter-base  junction 
voltage  (Vi)  below  some  threshold  Vt.ON’  This  is  somewhat 
similar  to  V^^om  in  normal  thyristor  turn-oo  design,  where  it  is 
assumed  to  be  on  if  the  Vj  exceeds  some  critical  voltage. 
'^T,OFF  ivat  first  conservatively  assumed  to  be  .J  Eg  or  -.5V,  but 
we  later  found  to  be  better  represented  by  the  actual  value  of  V] 
before  turn'<ff.  Thus,  turn-off  curient  density  Jopp  was  first 
approximated  at 


3oFF  •  Tj(3oFf)/oL(RcH  •  ^LAT  ‘  RSP> 


(I) 


where  RcH  ••  *!'•  TET  channel  resistance,  RlAT  '*  lateral 
hofe  resistance  in  region  }  (the  p-base  of  Figure  2),  and  Rgp  it  the 
FET  spreading  resistance.  Due  to  modulation  effects,  Rgp  and 
(^LAT  are  normally  functions  of  device  current  and  are  quite  a  bit 
lower  than  what  would  be  expected  in  a  pure  FET  device.  The 
term  ai,  is  needed  since  1/^  is  the  hole  current  reaching  the 
p-bate  layer  from  the  anode.  Note  that  "L"  and  "U"  refer  to 
lower  and  upper  transistor,  respectively. 

Computer  modeling  and  actual  device  measurements  showed 
that  (I)  was  an  underestimate.  As  in  the  CTOd),  it  is  only 
required  that  the  gain  of  the  upper  transistor  (NPN  in  the  MCT) 
be  sulliciently  reduced  to  make  (or  Oyl  insulficicnt  when 

added  to  ’PNP*  'o  add  to  unity.  Stated  differently,  Ippr 

must  be  larger  than  that  value  lor  which  dl/^/dlp£T  is  negative 
infinity.  Various  complex  calculations  may  be  made,  but  the  most 
useful  in  comparing  with  our  computer  calculations  was 


^OFF  «  Vj(Jopp)/a;_Raau 


(2) 


where  R  is  the  effective  hole  resistance  in  O-cm^  »nd  boy  is  the 
value  of  ^nPN'JoFF)  -  ’NPN(0*>  i-e-  the  difference  between  low 
and  high  level  gain  of  the  upper  transistor.  Here,  it  is  assumed 
that  'll,  does  not  change  much  in  the  first  part  of  turn-oll. 
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DEVICE  TURN-ON  ALTERNATIVES 

The  unit  cell  ot  Figure  2  has  been  shown  without  any  turn-oa 
capability,  partly  because  the  on-slate  can  rapidly  spread  to  this 
cell  from  a  remote  part  of  the  device  through  a  plasma  spread 
that,  due  to  the  lack  of  emitter  shorts,  is  even  more  rapid  than 
normal,  and  partly  because  there  are  so  many  on-gale  alternatives 
as  illustrated  in  Figure  }.  In  A,  one  or  more  cells  include  what 
will  be  termed  an  on-FET  which,  when  turned  on,  initiates 
thyristor  action.  Those  celts  latch  on  and  plasma  spreads  from 
those  cells  to  the  remaining  device  area.  Figure  li  shows  an 
example  of  a  cell  which  would  accomplish  the  purpose.  If  this  cell 
and  that  of  Figure  2  are  compared,  it  can  be  seen  that  by 
including  an  on-gale  on  one  side  of  the  cell,  the  cell  size  has  been 
increased  in  that  direction.  This  will  later  be  seen  to  lower  the 
current  density  that  can  be  turned  off  in  that  cell. 

In  Figure  )B,  the  device  is  turned  on  by  light  which  infers 
either  a  transparent  electrode,  a  portion  of  the  device  with  the 
metal  emitter  electrode  removed  in  selected  areas,  or  cells  with 
the  emitter  electrode  removed  entirely.  Figure  3C  shows  the 
normal  thyristor  turn-on,  while  30  shows  one  of  the  most 
interesting  turn-on  methods,  that  of  noise  or  leakage  current 
turn-on  which  can  occur  where  all  unit  cells  look  like  that  of 
Figure  2.  In  other  words,  with  the  olf-FET's  oil,  there  are  no 
emitter  shorts  so  that  leakage  current  or  dv/dt  current  can  turn 
on  the  device  if  it  exceeds  a  critical  amount.  This  amount  it 
roughly  being  given  by  the  IV  leakage  current  of  the  oll-FET. 

In  such  noise-triggered  devices,  in  contrast  to  devices  with  one 
or  more  permanent  shorts  where  the  ofl-gate  FET's  need  be  on  lor 
only  a  lew  microseconds,  the  ofl-gate  FET's  now  must  be  main¬ 
tained  in  the  on-state  to  keep  the  device  oil.  However,  unlike  the 
MOS  on-gate  structure  of  Figures  3A  and  C,  only  a  single  polarity 
gale  signal  is  required  with  respect  to  the  emitter.  Actually,  with 
appropriate  lived  interlace  and  oxide  charge,  it  is  theoretically 
possible  to  control  both  the  on-FET  and  oll-FET  of  Figure  3  with 
three  voltage  levels  of  a  single  polarity.  Tlie  same  result,  namely 
sufficiently  different  threshold  voltages  of  the  same  polarity, 
could  be  achieved  il  one  FET  were  made  a  depletion  FET,  while 
the  other  were  made  an  enhancement  FET.  Because,  in  a  more 
complex  process,  both  on-  and  oil -FET's  can  be  chosen  to  be 
enhancement  or  depletion  and  because,  to  some  degree,  we  can 
control  lived  surface  and  oxide  charge,  it  is  possible  to  gate  the 
device  with  a  single  polarity,  either  positive  or  negative,  or  with 
both  polarities. 

COMPUTER  CALCULATIONS 

In  tiiis  section  the  forward  drop  and  turn-off  ot  an  MCT  unit 
cell  was  considered.  Both  of  these  calculations  were  done  using  a 
one-dimensional  model.  In  the  case  of  forward  drop,  this  can  be 
easily  understood  because  the  only  place  that  current  is  somewhat 
constricted  is  in  the  upper  emitter  region  which,  however,  is  so 
highly  doped  that  little  increase  in  emitter  drop  is  possible.  In 
addition,  cell  size  is  a  small  fraction  of  total  thyristor  base 
thickness  so  that  even  in  the  base  regions  the  current  flow  is 
quasi -one  dimensional. 

FORVARD  DROP  MODELING 

Figure  3  straws  a  comparison  of  dOOV  turn-off  devices  with  the 
FET,  bipolar  transistor  and  ICT  data  taken  from  the  comparison 
curves  of  Reference  I  and  the  MCT  and  C-MCT  (complementary 
MCT)  taken  from  tliis  work.  The  IGT  curve  is  a  calculated  curve 
fitting  tlie  actual  IGT  device  vety  closely.  For  the  most  accurate 
comparison  between  MCT  and  IGT,  in  calculating  the  MCT  curve 
in  Figure  5  the  entire  doping  and  carrier  lifetime  profiles  of  the 
parasitic  thyristor  inherent  in  the  IGT  were  modeled  as  an  MCT  in 
the  on-state.  This  profile  is  shown  schematically  in  Figure  i.  For 
the  complementary  MCT  or  C-MCT  of  Figure  5,  the  profiles  were 
again  those  ol  Figure  S  but  with  the  n-  and  p-labels  reversed. 
Because  of  the  fact  that  transistors  block  voltage  in  one  direction 
only,  the  IGT  (and  MCT)  devices  were  chosen  to  asymmetric. 


TURN-OFF  MOOELINC 

The  on-state  calculations  were  relatively  simple.  Hoivever, 
turn-off  calculations  were  more  complex.  What  was  done  was  to 
add  resistors  (admittances)  between  the  upper  base  nodes  and 
upper  emitter  contact  in  the  one-dimensional  version  of  the 
program  which  would  only  allow  upper  base  majority  carrier 
current  flow  -  in  this  case,  hoies.  The  admittance  values  were 
given  a  gaussian  distribution  with  an  abrupt  cut-off  at  the  n* 
emitter  and  n-base  boundaries  and  a  net  resistance  R  which  was 
then  varied.  Since  the  program  assumes  i  cm2  qi  r  i,  then 
in  n-cm2. 

Figure  7  shows  the  result  with  various  quantities  of  interest 
plotted  as  a  function  of  R  from  its  initial  value  of  dO  to  a  final 
value  of  about  10  m  (Lem  2,  at  which  time  the  program  would  no 
longer  converge  even  with  a  very,  very  small  reduction  in  R.  This 
point  was  taken  as  the  point  at  which  latching  was  broken.  It  x-as 
also  inferred,  from  our  convergence  problem,  that  the  transition 
from  latched  thyristor  to  unlatched  open-base  transistor  would  be 
very  last,  ol  the  order  of  several  base  transit  times. 

An  R  ol  60  mil  is  seen  to  have  little  or  no  effect  with  Ihs  'the 
hole  current  entering  the  p-base  from  the  n-base),  IHE 
current  reaching  the  emitter),  Ir,  ij  and  V]  (plotted  as  VgE) 
asymptotically  approaching  their  fully  unshorted  values.  At  this 
point,  for  example,  Ihb  •  -3*  It  »n<l  IhE  *  -20  H  “hile  Vj  »  .83SV. 
At  the  final  stable  operating  point  in  Figure  11,  Ihb  *  •**(  ^T  "rhile 
*HE'  has  dropped  to  .16  ly  -  i.e.,  the  upper  transistor  emitter 
efficiency  has  increased  to  help  keep  the  device  on  with  the 
shorting  resistor  in  place.  This  partially  offsets  the  resistor  so 
that  a  smaller  increase  in  the  lower  transistor  gain  is  sufficient  to 
keep  the  device  on.  The  resistor  (FET)  current  is  interesting, 
having  increased  from  13A  at  R  •  60  mO  to  SIA  at  the  turn-off  * 
point  where  it  comprises  only  26%  of  the  net  device  current. 
Further,  from  considering  V],  it  has  only  been  necessary  to  reduce 
the  upper  emitter  junction  voltage  to  .816V  to  turn  off  the  device 
at  its  338A  final  operating  point,  a  change  of  only  23  mV.  Careful 
examination  ol  the  currents  at  this  point  reveals  that  the  total 
current  ol  338A  at  the  last  stable  operating  point  is  composed  of 
56A  hole  and  213A  ol  return  electron  current  into  the  emitter  and 
8IA  ol  hole  current  in  the  resistor  (FET)  path,  whereas  at  R  •  60 
one  has  6I3A  total  current  composed  of  131 A  of  hole  current  into 
the  emitter,  269A  of  return  electron  current  and  a  resistor 
current  of  13A.  These  give  injection  ratios,  rg,  ol  3.96  and  2.05, 
respectively,  leading  to  injection  efficiencies  ol  .80  and  .67. 
From  taking  the  ratio  of  Ieb/IeE  where  Ipq  it  the  electron 
current  reaching  the  n-base  -  p'iase  junction,  one  gets  the 
effective  upper  transistor  base  transport  factors,  ay,  and 
multiplying  by  the  injection  efficiency,  the  transistor  current 
gain. 

A  similar  calculation  was  done  for  the  C-MCT 
(complementary  MCT)  structure  at  a  IV  forward  drop  to  look  at 
turn-off  from  this  same  current  density.  Here  it  was  found 
necessary  to  divert  117A  ol  electron  current  into  the  FET  instead 
of  81  A,  as  in  Die  MCT  case.  This  increase  is  just  due  to  og  being 
larger  with  the  n*  anode  than  with  the  pv  anode. 

A  further  comparison  ol  C-MCT  and  MCT  was  done  at  1.23V 
forward  drop  where  current  density  was  nearly  2000A/cm2.  In  the 
MCT  case,  the  necessary  FET  hole  current  to  cause  turn-off  was 
about  250A/cm2,  while  about  310A/cm2  FET  electron  current  was 
needed  to  turn  off  the  C-MCT.  These  results  compare  well  to  the 
prescription  given  in  equation  (2)  if  V3^Qpp  s  .85,  toy  is  about  .5 
and  og  is  .6  and  .6  lor  the  MCT  and  C-MCT,  respectively. 


DEVICE  RESULTS 

A  Mrici  oi  small  1200V  (ideal  breakdown  voltage)  C-MCT 
devices  were  labricated  with  the  geometry  o(  Figure  ^  but  with 
square  cells  having  a  p>base  oQ  measured  at  )00  O/yand  p  at 
about  I.)  n-cm.  The  devices  had  no  on-gates  but  were  turned  on, 
in  the  absence  ol  emitter  shorts,  by  leakage  current.  They  were 
principally  intended  to  see  il  a  latched  thyristor  could  be  turrted 
oil.  Some  ol  the  results  on  the  orte-,  lour-  and  sixteen-cell 
devices  will  be  described  brielly,  with  a  more  complete  descrip¬ 
tion  ol  the  device  processing  and  larger  device  results  on  the 
waler  to  be  given  in  a  later  paper. 

The  device,  unlike  the  m^eled  example,  had  a  100  u  lower 
base  (region  i)  which,  with  proper  termination,  would  have 
blocked  voltage  in  both  polarities.  As  it  was  lor  results  described 
here,  devices  were  test^  on  a  probe  station,  unpassivated  and  in 
waler  lorm,  where  they  blocked  SOOV  in  the  lorward  direction  and 
at  least  50V  in  the  common  reverse  blocking  junction.  Figure  I 
shows  the  lorward  drop,  which  to  about  1.2)V  lollows  that  ol  a 
similarly  doped  thyristor.  Alter  that  point,  current  lalls  below 
that  ol  the  thyristor,  most  likely  due  to  probe  resistance. 

Figure  9  shows  a  turn-oil  ol  lOOOA/cm^  using  a  l)V  gate 
signal  with  a  resistive  load  and  a  )0V  anode-cath^e  potential. 
Turn-oll  is  similar  to  the  GTO  or  IGT,  having  an  initial  rapid  iall 
as  the  latched  condition  is  broken,  and  then  a  recombination  tail. 

Turn-oll  densities  in  the  one  cell  device,  which,  thereiore, 
does  not  have  uneven  turn-oll  problems,  were  typically 
«000A/cm2  at  Vg  v  60  and  2000A/cmi  at  Vq  .  IJ.  The  Vq  .  15 
value  oi  about  2000A/cm2  is  about  twice  the  typical  thyristor 
surge  current  rating  and  about  5  times  the  current  density  that 
can  be  turned  oil  in  a  GTO.  This  compares  well  with  the  various 
predictions  ol  Equation  (2)  using  an  R  value,  calculated  Irom  the 
geometry  and  prolile  ol  l.i  md-cm^, 

SUMMARY 

A  new  power  device  concept  has  been  presented  which 
combines  thyristor  power  handling  capability  with  MOS  turn-on 
and  turn-oll  control.  Turn-oll  is  accomplished  by  a  MOS-gated 
emitter  "short"  in  every  cell  ol  the  device.  To  reduce  the 
resistance  oi  this  short  requires  a  high  short  density,  a  short  FET 
channel  length  and  a  high  FET  gm* 


The  analysis  presented,  along  with  computer  model  turn-oll, 
indicates  that  under  resistive  load  conditions,  or  corsditioru  under 
which  the  device  voltage  is  relatively  constant,  the  current 
density  that  can  be  turned  oil  Is  oi  the  order  ol  Voff/>5Ru|.. 

No  temperature  dependent  or  load  dependent  analytes  were 
given,  although  several  predictions  can  be  made.  First,  Vqff  *>(1 
fall  at  l/T  where  T  it  in  KO.  Second,  R  will  increase  as  T 
increases  through  reduced  carrier  mobility.  In  going  Irom  250K  to 
ITSOK,  this  might  amount  to  a  2.5  derating  lactor.  Third,  il 
device  voltage  increases  substantially  with  little  reduction  in 
current,  we  will  lind  that  a|.  will  increase.  Probably  a  lurther 
lactor  ol  2  derating  would  be  appropriate. 

Device  results  at  25^0  and  turning  oil  a  resistive  load  at  50V 
showed  that  turn-oll  current  density  in  the  better  devices  ranged 
Irom  2000A/cm2  with  a  15V  gate  to  i000A/cm2  with  a  60V  gate. 
Note  that  this  indicates  that  the  prime  contributions  to  R  are  in 
channel  and  spreading  resistance,  both  oi  which  are  reduced  with 
FET  gate  bias. 

Elevated  temperature  and  circuit  dependent  modeling,  as  well 
as  lurther  device  results,  will  be  presented  in  a  later  paper, 
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FRACTION  OF  IDEAL  BREAKDOWN  VOLTAGE 


BREAKDOWN  VOLTAGE  COMPARISON 
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FIGURE  3 !  Breakdown  voltage  vs.  termination 
extension  for  field  rings  and  JTE,  Circled 
numbers  indicate  the  number  of  rings. 
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TABLE  2  POWER  DEVICE  COMPARISON  AT  600.  1200  AND  2500  VOLTS 
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MOS  CONTROLLED  THYRISTOR  ADVANTAGES 


FEATURE 


NEAR  IDEAL  THYRISTOR 
FORWARD  DROP. 


TURN-OFF  OF  SURGE  LEVEL 
(OR  HIGHER)  CURRENT  WITH 
A  MOS  GATt. 


NEARLY  UNLIMITED  DI/DT  AND 
AND  DV/DT  CAPABILITY. 


TURN-OFF  TIME  NOT  LIMITED 
BY  NORMAL  BIPOLAR 
RECOMBINATION  TAIL. 


NO  SHORT  WHEN  ON. 


FET  SHORTS  INTERNAL  TRANSISTOR 
STRUCTURE . 


VERY  SMALL  CELLS.  EACH  ACCESSED 
BY  A  FET . 


SHORTING  FET  SHORTS  THE  HIGH 
VOLTAGE  TRANSISTOR  PORTION  OF 
THE  MCT. 


BUILT-IN  FET'S  VERY 
RUGGED. 


VERY  LOW  DUTY.  REMOVES  ONLY 
MINORITY  CARRIERS. 
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Introduction 

The  purpose  of  this  report  is  threefold.  I )  to  present  a  discussion  of  avalanche 
breakdown  which  is  the  primary  high  voltage  limiting  mechanism  in 
semiconductor  Junction  devices.  2)  to  discuss  surface  field  effects  on 
avalanche  breakdown  and  junction  termination  techniques  for  reducing  these 
surface-effects.  3)  to  present  a  discussion  of  avalanche  second  breakdown  and 
its  application  to  high  voltage,  high  speed,  switching  devices.  One  of  the  goals 
of  these  discussions  is  to  present  the  current  state-of-the-art  in  the  area  of 
junction  breakdown  and  high  voltage  junction  devices.  Since  only  a  cursory 
description  of  the  subjects  can  be  given  in  this  short  report,  a  large  list  of 
references  is  compiled  to  help  the  reader  pursue  these  areas  further. 

Avalanche  Breakdown: 

Junction  breakdown  in  high  voltage  semiconductor  devices  is  almost  always 
determined  by  the  avalanche  breakdown  process.  Avalanche  breakdown  occurs 
when  a  carrier  moving  in  the  reverse  bias  electric  field  of  the  depletion  layer 
can  gain  sufficient  energy  to  knock  another  carrier  out  of  the  conduction  or 
valence  band  during  a  collision.  This  process  is  strongly  dependent  on  the 
electric  field  in  the  depletion  layer.  The  probability  of  breakdown  for  a  given 
electric  field  distribution  is  calculated  by  the  ionization  integrals  which 
integrate  the  ionization  coefficients  across  the  depletion  layer  [1-2].  Fig.  I 
shows  the  ionization  coefficients  for  electrons  and  holes  as  functions  of 
electric  field  and  temperature.  The  curves  for  the  higher  temperatures  are 
extrapolated  from  the  lower  temperature  data  and  may  not  be  entirely  accurate. 
Because  of  the  strong  electric  field  dependence  of  breakdown,  all  techniques 
for  increasing  breakdown  voltage  involve  the  reduction  of  electric  field  in  the 
depletion  layer.  In  the  one  dimension  into  the  bulk  the  task  is  relatively  simple 
very  high  breakdown  voltage  can  theoretically  be  achieved  by  simply  making  the 


p  and  n  regions  lightly  doped  and  very  wide.  The  real  limiting  effects  are  the 
two  and  three  dimensional  electric  field  effects  at  the  edge  of  the 
semiconductor  device  where  the  junction  comes  to  the  surface. 

Surface  Breakdown: 

Surface  breakdown,  as  referred  to  here,  is  the  effect  of  a  reduced  p-n  junction 
breakdown  because  of  a  higher  electric  field  across  the  junction  at  the  surface 
of  a  semiconductor  device  [31  The  causes  of  this  increased  surface  electric 
field  are  many,  including  dangling  bonds  at  the  surface  of  the  semiconductor 
material,  differences  in  dielectric  constant  between  the  semiconductor  and  the 
material  surrounding  it,  fixed  charge  in  the  material  coating  the  semiconductor 
surface,  and  curvature  of  diffused  junctions.  A  variety  of  techniques  have  been 
suggested  to  reduce  the  surface  electric  field  and  thei^  increase  breakdown 
voltage  [4l  These  include  beveling  and  etching  the  surface  to  change  the  charge 
distribution  near  the  junction  edge  [5-9],  field  limiting  diffusions  [10],  and 
field  plates  covering  the  junction  edge  [1 1-13].  Among  these  reports,  the 
highest  breakdown  voltage  was  10  KV,  achieved  using  a  semi-insulating 
polysilicon  (SIPOS)  field  plate  [131 

Second  Breakdown  and  Switching; 

If  the  current  through  a  device  is  allowed  to  increase  after  breakdown  is 
reached,  a  second  breakdown  is  seen  wherein  the  voltage  across  the  device 
collapses  to  a  much  lower  value  as  shown  in  Fig.  2.  This  negative  resistance 
region  of  the  characteristic  is  very  useful  for  very  high  speed  switching.  A 
switching  device  called  the  "Avalanche  Transistor"  is  based  on  this  phenomenon 
[1 4].  Switches  capable  of  holding  off  up  to  1000  V  and  conducting  several  I  Os 
of  amps  of  current  have  been  made  with  switching  times  of  less  then  5 
nanoseconds  [15].  This  second  breakdown  phenomenon  is  not  very  well 
understood.  Recently,  two  distinct  regimes  of  second  breakdown  were 
described  [  1 6],  one  called  thermal  mode  is  relatively  slow  (microseconds),  the 
other  called  current  mode  is  fast  (nanoseconds).  One  explanation  of  second 
breakdown  is  that  it  is  a  feed  back  effect  in  which  carriers  generated  by 
avalanche  multiplication  forward  bias  the  emitter  base  junction  of  bipolar 
transistors  [  1 7].  The  discovery  of  a  similar  second  breakdown  in  diodes  tends 
to  shed  some  doubt  on  this  theory  [18-191  In  fact  the  switching  speed  in  diodes 
is  substantially  faster  than  in  transistors.  Fig.  3  is  a  pulse  generated,  by  a 
circuit  using  one  of  these  diodes,  in  our  laboratory  having  a  peak  amplitude  of 
20(X)  volts  (56  Amps.)  and  a  rise  time  of  less  than  0.5  ns.  These  devices  are 
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extremely  useful  for  generation  of  high  voltage  pulses  where  low  Jitter  and 
electrical  triggering  are  a  requirement. 
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Figure  1.  Ionization  coefficients  verses  electric  field  for  several 
temperatures. 
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F igure  3.  A  2800  volt  300  picosecond  rise  time  pulse  generated  using  the  fast 
second  breakdown  effect  in  a  silicon  diode. 
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Avalanche  Breakdown  Mechanisms  and 
Switching  Device  Applications 
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Avalanche  is  the  primary  breakdown  mechanism 
in  hiqh  voltage  devices 


In  general  the  avalanche  integrals 
must  be  calculated 


Electric  field  distribution 


Electric  field  is  the  key  to  avalanche 
breakdown  in  a  p-n  Junction 


A  critical  field  rule  o 
for  quick  calculations 
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Without  surface  effects,  avalanche  breakdown 
can  theoretically  be  very  high 
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(reakdown  -  the  limiting  factor 
m  devices 


Field  plates  -  easy  to  implement  but  limited 
to  lower  voltages 


Diffused  field  limiting  rings  -  limited 
to  lower  voltages 


Edge  profiling  -  effective  but 
difficult  to  implement 
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Resistivie  field  plates  -  highest  reported 
breakdown  voltage 


Doping  Concentration.  N  t  cm 


Second  breakdown  occurs  when  current  fl 
reaches  a  high  enough  level 


if  energy  is  ext< 
can  be  used  to  g 


Commercial  Devices  are  not  Generally 
Designed  for  Avalanche  Operation 


Higher  Voltage  is  desirable 


We  have  succeeded  in  achieving  reliable 


Based  on  recent  results,  feedback  model  of  current  mode 
second  breakdown  may  not  be  correct 
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Second  breakdown  has  been  observed  in  diodes  -  and 
rise  times  are  much  faster 


1 80-XXC- 1 7-XHXI-MDP-O02685 


One  dimensional  numerical  model  shows 
the  pulse  sharpening  diode  effect 
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THERMAL  SWITCHES  FOR  PULSE  POWER 

R.  Ford  M.  Kahn 

Code  4775  Code  6363 


Introducti  on 

Inductive  storage  power  supplies  require  the  opening  of  the  initial 
current  storage  circuit.  This  is  shown  in  Fig.  1. 

To  perform  this  function,  resistors  that  are  sensitive  to  temperature  are 
used  here. 

Figure  2  shows  the  small  signal  resistivities  of  conductive 
polycrystalline  Barium  Titanate  and  of  a  carbon  filled  polymer  (polyethylene) 
switch  material  as  they  depend  upon  temperature. 

Figure  3  shows  the  appearance  of  some  PTC  resistors  as  tested  here. 
Three  types  of  tests  were  used  to  evaluate  these; 


Steady  State  Voltac 


The  purpose  of  this  test  is  to  determine  the  maximum  steady  state  voltage 
that  can  be  applied.  The  circuit  shown  in  Fig.  4  was  used  for  it. 


2)  Maximum  Current  Test 

The  maximum  current  that  a  device  is  capable  of  interrupting  was 
determined  by  applying  a  step  function  of  voltage  and  observing  the  parameters 
of  the  current  pulse  passed  by  the  PTCR. 

A  large  battery  bank  comprised  of  120  two  volt  cells,  capable  of 
delivering  short  circuit  currents  to  2000  amps,  was  used  for  this  (see  Fig. 
5). 


This  test  is  designed  to  measure  the  maximum  (short  term)  switched 
voltage  for  a  PTCR  when  driven  from  a  high  impedance  source.  A  large  air  core 
coil  was  connected  to  a  O.C.  supply  as  shown  in  Fig.  6.  If  the  inductively 
stored  energy  is  sufficient,  the  test  device  will  be  heated  by  essentially  a 


constant  current,  until  it  reaches  switching  temperature.  The  rapidly 
increasing  resistance  will  then  lower  the  current  and  produce  a  corresponding 
voltage  increase. 

Results  and  Discussion 

Table  HI  shows  that  the  carbon  filled  polymer  PTCR  devices  are  able  to 
switch  single  pulses  up  to  700  A,  more  than  four  times  as  much  as  the  ceramic 
based  devices.  The  ceramics  on  the  other  hand  withstood  more  than  three  times 
the  backvoltage,  up  to  600  V  per  device. 

Figure  7  shows  the  small  and  the  large  signal  resistances  of  a  polymer- 
carbon  composite  PTCR  (Type  6)  measured  before  and  during  each  current 
pulse.  Figure  8  shows  the  large  signal  cold  resistances  of  six  of  these 
parts.  They  show  an  irreversible  increase  in  resistance  after  switching 
pulses  in  excess  of  750A.  At  that  point  the  current  pulse  is  only  about  3 
milli-sec  long  and  has  a  fall  time  of  0.2  milli-sec  (see  Fig.  9).  As  one 
would  expect  from  a  variable  resistor,  the  voltage  rise  time  has  about  the 
same  duration  as  the  current  fall  time  (see  Fig,  10). 

Similar  data  are  shown  in  Figs.  11  and  12  for  the  large  signal 
resistances  and  switching  times  of  the  Type  1  carbon  filled  polymer  PTCR 
devices.  These  devices  appear  to  switch  somewhat  faster,  with  current  fall 
times  (at  700A)  down  to  100  microsec  or  less. 

Figure  13  shows  the  small  signal  as  well  as  the  cold  large  signal 
resistances  of  two  groups  of  barium  titanate  PTCR's,  Types  »4  and  Types  »7. 
These  are  also  shown  also  in  Table  1. 

Figures  ^14  and  *15  give  the  pulse  durations  and  pulse  fall  (current  shut 
off)  times  for  these  two  types  of  barium  titanate  devices.  They  can  be 
switched  in  milliseconds  before  failures  are  encountered. 

Figures  16  and  17  show  the  resistances  and  pulse  duration  for  the  small 
(Type  2)  ceramic  PTCR  devices.  They  tolerate  only  60  amoeres.  Swittning 
times  of  a  millisecond  or  less  seem  allowable. 

Failure  Mechanisms : 

Continuous  application  of  excess  voltage  to  Barium  Titanate  PTC  resistors 
caused  thermal  runaway. 
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In  the  carbon  filled  polymer  devices  on  the  other  hand,  there  was  voltage 
breakdown  at  the  edge  of  the  electrodes.  This  is  shown  for  a  Type  6  (round) 
carbon  filled  polymer  device  in  Fig.  IB  and  for  a  Type  1  (rectangular),  carbon 
filled  polymer  device  in  Fig.  19.  The  latter  broke  down  at  265  V  O.C. 

The  resistivity  increases  shown  in  the  various  resistance  plots  were 
caused  by  pulse  currents  and  were  accompanied  by  physical  damage.  Figure  20 
shows  a  failure  generated  by  a  current  of  780A  in  a  round,  carbon-filled 
polymer  PTCR. 

The  current  switching  capability  of  the  thicker  Barium  Titanate  based 
PTCR  devices  are  often  limited  by  temperature  gradients.  This  is  indicated 
schematically  in  Fig.  21,  and  can  lead  to  thermal  expansion  cracking  at  the 
external  edge.  This  is  shown  in  Fig.  22  in  a  small  Barium  Titanate  based  PTCR 
(Type  2)  that  had  been  subjected  to  60A.  Such  a  crack  can  propagate  through 
the  ceramic,  parallel  to  the  major  surface  and  split  it  in  two,  as  can  be  seen 
in  Fig.  23,  or  it  can  curve  towards  a  major  surface  and  terminate  as  shown  in 
Fig.  24.  The  latter  type  of  crack  usually  appears  only  on  part  of  an  edge, 
often  before  or  coincidental  to  a  more  destructive  breakdown  as  shown  in  an 
overall  view  in  Fig,  25. 

Some  locations  in  the  region  of  destructive  breakdown  showed  considerable 
evidence  of  melting  and  resolidification.  This  is  shown  in  Figs.  26,  27a, 27b 
and  27c.  Some  stalagmitic  structures  inside  the  cavity  shown  are  also 
notable,  see  Fig.  28. 

Figure  29  shows  the  breakdown  region  of  another  Type  7  sample  that  failed 
at  just  above  100  A.  What  appears  like  a  resolidified  and  partially 
crystallized  molten  region  formed  about  10  mils  from  the  edge  of  the  ceramic, 
extending  from  the  upper  to  the  lower  electrode.  Figure  29c  shows  at  a  higher 
magnification  some  of  the  dend''itic  structures  that  were  formed  in  the 
breakdown  zone. 

Figure  30a  shows  a  failure  in  a  Type  4  sample  at  200  amps.  The  failure 
discharge  melted  a  smoothwal 1 ed,  12-18  mil  diameter  tubular  channel  through 
the  ceramic.  It  terminated  in  a  12  mil  hole  through  the  lower  electrode 
surface.  This  is  shown  in  Fig.  31  that  further  illustrates  its  smooth  wall 
features,  residues  of  frozen  liquified  Barium  Titanate  around  it  on  the 
surface  and  cracks  extending  from  it.  Figure  30b  shows  most  of  the  wider 


section  or  the  channel  at  a  higher  magnification:  the  dendritic  surface  is 
reproduced  in  more  detail  in  Fig.  30c  and  it  is  similar  to  that  shown  in  the 
resolidified  section  of  the  Type  7  sample  in  Fig.  29c.  What  looks  in  Fig.  30b 
like  little  balls  is  reproduced  in  Fig.  32.  These  balls  seem  to  have  an 
enhanced  lead  content. 

A  typical  voltage  spike  generated  in  the  high  source-impedance  test  is 
shown  in  Fig.  33.  In  the  lower  voltage.  Type  4  ceramic  PTCR's  it  caused  some 
circumferential  axial  cracking  as  shown  in  Fig.  34.  Figure  34  also  shows  the 
formation  of  multiple,  round  shorting  paths,  similar  to  the  single  round  hole 
that  was  found  in  some  of  the  low  impedance  test  failures. 

In  summary  the  present  data  show  pulse  current  capabilities  above  650  A 
for  carbon-filled  polymer  PTCR's  and  up  to  1/3  of  this  for  Rarium  Titanate 
devices. 

Switching  speeds  of  milliseconds  are  easily  attainable,  even  without 
triggering.  The  large  scale  availability  of  commerically  made  PTC  resistors 
should  make  their  early  application  in  pulse  switching  circuits  feasible. 
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FIGURE  3  -  PTC  RESISTORS 

CARBON  FILLED  POLYMER,  EPOXY  COATED 
BARIL'M  TITANATE  CERAMIC  DISC,  SOLDERED  LEADS 
BARIUM  TITANATE  ELECTRODED  CERAMIC  DISC 
BARIL'M  TITANATE  ELECTRODED  CERAMIC  DISC 
BARIL'M  TITANATE  ELECTRODED  CERAMIC  HONEYCOMB 
CARBON  FILLED  POLYMER,  EPOXY  COATED 
BARIL’M  TITANATE  ELECTRODED  CERAMIC  DISC 


STEADY  STATE  MAXIMUM  VOLTAGE  TEST  CIRCUIT 


FIGURE  5 

LOW  IMPEDANCE,  CURRENT  FAILURE  TEST  CIRCUIT 


FIGURE  6 

MPEOANCE,  CONSTANT  CURRENT  TEST  CIRCUIT 


IVPES,  DIMENSIONS.  RESISTANCES  AND  FAILURE  LEVELS  OF  PTCR  DEVICES 


Ihickness  of  carhon  filled  polymer  film  is  about  .016 
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DURATION  OF  CURRENT  PULSE  AND  VOLTAGE  RISE-TIN 
VS  PEAK  PULSE  CURRENT  OF  SIX  CFP  TYPE  #  6  PTCR' 


CURRENT  (AMPS) 


LARGE  SIGNAL  RESISTANCE  VS  PEAK  PULSE 
CURRENT  FOR  FOUR  CFP  TYPE#1  PTCR'S 
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FIGURE  12 

nURATION  OF  CURRENT  PULSE  ANO  CURRENT  FALL  TIME 
VS  PEAK  PULSE  CURRENT  OF  FOUR  CFP  TYPE#1  PTCR'S 
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FIGURE  15 

CURRENT  FALL  TIME  VS  PEAK  PULSE  CURRENT 
FOR  BaTiOq  TYPES#4  AND#7  PTCR^S 


FIGURE  16 

COLO  RESISTANCE  VS.  PEAK  PULSE  CURRENT 
FOR  BaTiOa  TYPE#2  PTCR#4 
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FIGURE  17 

TION  OF  CURRENT  PULSE  VS  PEAK  PULSE 
CURRENT  FOR  BaTi03  TYPE#?  PTCR#'« 
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FIGURE  19 

VOLTAGE  BREAKDOWN  IN  TWO  SPOTS 

CFP  TYPE#1  PTCR  THERMAL  RUNAWAY  TEST^2 
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V  ^  A 


Temperature  distribution  in  a  discoidal  PTCR  during  fast  heat-up. 

Y  is  the  radial  direction  and  X  is  the  thickness,  is  the  instan 
before  the  center  of  the  part  attains  S5°C.  At  resistivity 
increase  in  the  central  Y  plane  causes  most  of  the  power  diss'patic 
to  be  concentrated  there,  with  an  accompanying  cumulative  localized 
temperature  rise. 


figure:  24 

EDGE  CRACK  CURVING  TO  MAJOR  SURFACE 
DUE  TO  EXCESS  CURF'ENT  IN  BaTiO? 
TYPE#'^  PTCR#S 
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FIGURE  26 

CROSG-SECT I  ON  OF  SHORTi  JQ  DAMAGE 
IN  BaTi03  TYFE#7  PTCR^3 
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FIGURE  28 

STALAGMITIC  STRUCTURES  HAI'IGING  FROM 
CAVITY  CEILING  IN  REGION  OF  SHORTING 
DAMAGE  IN  BaTiO^  TYPE#'^  PTCR#3 


FIGURE  31 

TERM  I  NAT  I OM  OF  BREAKDOWN  CHANNEL 
ON  ELECTRODED  SURFACE,  SHOWING  HALO  OF 
RESOL  I  D  I  F  I  Ell  BaTiOs,  CRACKS  AND 
ST'R.-j.ND  I NG  ELECTRODE  SURFACE  IN 
BaTiOa  TYPE#^  PTCR#'' 


FIGURE  32 

SURFACE  APPEARANCE  OF  NARRO’s'/ER  CHANNE 
SECT  1  ON,  SHOWl NG  HIGH  LEAD  CONTENT 
SFriiR  I  CAL  STRUCTURES 
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Potential  Materials  for  Solid  State  Switches 
Gale  R.  Sundberg,  Chairnan 
_  NASA  Lewis  Research  Center 


Objective 

The  objective  of  this  group  was  to  briefly  review  the  present  state-of-the- 
art  of  semiconductor  materials  useful  for  switching  applications,  assess  the  status 
of  selected  materials  for  photoconduct ive  and  power  switching  applications,  and 
identify  the  research  areas  where  work  is  needed  on  the  semiconductor  materials. 


After  some  discussion  the  group  decided  to  put  together  a  chart  giving  an 
overview  of  semiconductor  materials  that  are  presently  being  used  for  switching 
applications.  The  chart  shown  as  Table  1  also  includes  potential  new  materials 
kno\m  to  the  group.  The  numbers  and  listed  parameters  are,  in  general,  order  of 
magnitude  since  we  did  not  have  access  to  correct  values.  They  were,  however, 
sufficient  for  comparison  purposes. 

The  next  step  was  to  examine  the  desired  characteristics  for  photoconductive 
closing  switches  and  for  power  switches.  Tables  2  and  3  show  the  important  parameters 
and  four  of  the  leading  candidates  for  each  type  of  switch. 

Finally,  the  group  selected  six  candidate  materials  with  interesting  character¬ 
istics  for  future  space  power  switching  applications.  Table  4  shows  the  status  of 
six  materials  and  a  brief  summary  of  the  research  directions  required  to  improve 
ratings,  characteristics  and/or  to  move  material  in  research  into  the  arena  of 
application. 

Material  Requirements 

Material  requirements  for  photoconductive  switches  are  high  resistivity  and 
high  carrier  mobility.  Also  desireable  are  a  long  recombination  time  (at  least 
much  larger  than  the  pulse  duration),  optical  absorption  depths  about  equal  to 
electrical  skin  depth,  low  resistance,  injecting,  ohmic  contacts  to  the  material  and 
low  cost.  From  Table  2  we  see  some  interesting  tradeoffs  between  Si  and  GaAs.  The 
higher  resistivity  and  mobility  makes  GaAs  look  attractive  for  higher  switch 
efficiency,  power  handling  and  lower  heating,  but  Si  has  greater  flexibility  in 
control  of  carrier  lifetime  leading  to  a  greater  energy  gain  and  much  lower  cost. 
Material  requirements  for  power  switches  are  based  on  the  criteria  for  defining  a 
good  switch.  A  good  switch  has  two  stable  states  -  open  (OFF)  and  conduction  (ON)  - 


■W  b'-  -  •  b 

•  '  •C'' 


and  two  transitional  (switching)  states  that  correspond  to  moving  from  one  state  to 
the  other.  The  OFF  state  requires  high  breakdown  voltage  and  high  resistivity  (low 
leakage  currents),  while  the  ON  state  requires  low  voltage  drop,  low  resistivity  and 
high  current  density.  For  highly  efficient  operation  the  transition  (or  switching) 
states  require  high  mobility  and  short  recombination  times  as  the  device  switches  from 
one  state  to  another.  Another  desireable  feature  is  low  drive  power  to  control  the 
switching  action  from  OFF  to  ON  or  vice  versa.  For  high  power  devices  thermal  limiting 
factors  of  maximum  temperature,  thermal  conductivity  and  thermal  resistance  to  a 
heat  sink  are  also  critical  for  stability  and  reliability.  Cost  is  also  a  driver. 

From  Table  3  the  trade-offs  are  quire  interesting.  Si  presents  the  most 
mature  and  functional  technology  for  today's  power  switching  applications  using 
junction  devices.  Better  material  processes  and  new  topologies  permit  higher  voltage, 
current  switches  that  are  faster  and  more  efficient.  New  work  on  deep  impurity, 
double  injection  techniques  in  bulk  silicon  show  promise  to  push  the  switching 
voltages  up  by  a  factor  of  10  with  operation  at  temperatures  to  300°C  and  in  radiation 
environments  approaching  a  gigarad.  Direct  bandgap  materials,  though  they  have 
attractive  high  resistivities,  high  mobilities  and  short  recombination  time  have  many 
fabrication  and  stability  problems  for  power  switches.  Thus,  they  have  not  challenged 
Si.  SiC  looks  very  attractive  as  a  high  temperature  switch  (500°C)  with  very  good 
thermal  conductivity.  The  technology,  however,  is  yet  in  its  infancy. 

Summary 

Si  is  still  the  material  of  choice  as  a  baseline  material  for  both  photoconductive 
and  power  switches.  Si  technology  is  highly  developed,  the  processes  well  known  and 
devices  characterized  for  many  applications.  Table  4  summarizes  the  groups  findings 
during  the  time  available  for  discussion.  SiC  shows  much  promise  for  high  temperature 
applications  if  it  can  be  processed  reproducibly ,  doped  adequately  and  suitable  ohmic 
contacts  can  be  devised.  Other  materials  showi'.  in  addition  to  GaAs  are  fundamentally 
still  laboratory  devices  requiring  much  work  and  further  demonstrations  to  prove 
their  feasibility  as  sv;itches. 

Someone  in  our  group  summarized  the  discussion  with  the  statement,  "The  best 
material  is  the  one  that  fits  the  application!"  For  most  applications  that  best 
material  as  of  today  is  still  silicon.  Even  as  new  materials  appear  on  the  horizon 
CO  challenge  its  position  much  iv’crk  on  silicon  material  and  new  devices  continue 
to  push  it  to  higher  voltages,  higher  power,  faster  switching  speeds  with  more  ef¬ 
ficient  operation  in  all  types  of  switching  applications . 
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RELAXATIOM  HECHAHISMS  -  WORKING  SESSION  REPORT 

CHAIRriAN:  Robert  B.  Hammond,  Los  Alamos  National  Laboratory 

SESSION  MEMBERS:  Peter  Delfyett  -  CCMY 

Mike  Fields  -  Sandia 
Jean-Marc  Halbout  -  IBM 
Ravi  Jain  -  Amoco 
Anthony  Johnson  -  AT&T 
Chi  Lee  -  Univ.  Maryland 

Introduction 

Because  of  the  expertise  represented  in  our  working  group  we  decided  to 
focus  our  discussions  on  carrier-relaxation  mechanisms  in  photoconductors ■ 
considered  carrier-relaxation  mechanisms  important  in  photoconductors  for 
either  closing  or  opening  power-switch  applications.  We  did  not  consider 
other  forms  of  solid-state  relaxation  processes  and  thus  our  discussions  are 
most  relevant  to  photoconductor  power  switching; ■  We  considered 
carrier-relaxation  mechanisms  in  6  categories: 

Dielectric  Relaxation 

Carrier  Trapping  and  Thermal  Emission 

Carrier  Recombination 

Carrier-Transit-Ti.me-Related  Relaxation  Mechanisms 
Time-  and  Intensity-Dependent  Optical  Absorption 
Filament  Formation 
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We  based  our  discussions  on  the  importance  of  these  classes  of  relaxation 


mechanisms  to  the  following  switch  characteristics: 


Risetime  (Closing)  -»  1  nsec 

Falltime  (Opening  -►  1  nsec 

On-time  (Pulse  length)  -♦  10  nsec  to  10  msec 


Current 


Voltage 


Power 


Efficiency 


Repetition  Rate 


-►  10  kA  to  1  t'lA 


-►  10  kV  to  1  MV 


-►  1  GW  to  1000  GW 


-♦  HIGH 


-»  10  to  1000  Hz 


II.  Dielectric  Relaxation 

Dielectric-relaxation  time  is  defined  as  the  product  of  resistivity  and 
dielectric  constant  in  a  material.  It  is  the  time  necessary  for  the  electric 
field  in  a  material  to  respond  to  an  externally-applied  electric  field. 
Currents  can  be  generated  by  the  photoconductor  due  to  this  relaxation  and 
these  currents  can  be  affected  by  temporal  variations  in  the  bias. 

Hon-uniform  electric  fields  near  contacts  or  surfaces  can  introduce  these 
currents  and  they  may  be  important  to  photoconductor  switch  performance. 

It  is  important  to  recognize  that  the  dielectric-relaxation  time  in  a 
photoconductor  can  change  by  many  orders  of  magnitude  during  pulsed-laser 
excitation.  Orders  of  magnitude  changes  can  also  occur  after  laser  excitation 
from  carrier  trapping  and  recombination.  These  changes  occur  simply  due  to 
the  very  large  changes  in  free-carrier  concentrations. 

It  is  also  important  to  recognize  that  the  dielectric-relaxation  ti.me  is  a 
macroscopic  property  of  the  semiconductor  just  as  resistivity  and  dielectric 
constant  are  macroscropic  quantities.  Since  conductivity  and  dielectric 
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constant  can  change  locally,  it  has  been  suggested  that  a  more  general  formula 


for  dielectric-relaxation  time  is; 

T  =  (J  c(x)  E(x)^  dx^)/(J  a(x)  E(x)^  dx^) 

One  should  also  consider  frequency  dependence  in  the  dielectric  constant. 

III.  Carrier  Trapping  and  Thermal  Emission 

Optically-created  free  carriers  can  be  trapped  and  emitted  from  defect 
sites  that  have  energy  levels  within  the  forbidden  bandgap  of  the 
semiconductor.  These  carrier-trapping  and  emission  processes  can  affect 
carrier  mobility  and  thus  switch  efficiency.  They  can  also  affect  switch 
on-time  and  pulse  shape  particularly  during  the  transition  from  initial 
transient-trapping  behaviour  to  steady-staWe  trapping  and  emission. 

There  can  be  a  strong  electric-field  dependence  to  these  processes 
particularly  in  thermal  emission,  i.e.  the  Poole-Frenkel  effect.  Since  the 
field  in  the  photoconductor  will  change  with  time,  the  analysis  of  these 
effects  may  be  quite  complex. 

rv.  Carrier  Recombination 

Recombination  of  the  optically-created  free  carriers  in  a  photoconductor 
can  affect  closing-switch  on-time,  opening-switch  falltime,  and  opening-switch 
efficiency.  Nearly  always,  this  recombination  occurs  at  defect  sites  in  the 
bulk  of  the  photoconductor,  i.e.  by  trap-assisted  recombination. 

Recombination  can  also  occur  by  Auger  recombination,  through  defect  sites  at 
the  surface  of  the  photoconductor,  i.e.  by  surface  recombination,  or  at  the 
contacts . 

Carrier  reco.mbination  is  usually  of  central  importance  to 
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photoconductor-power-switch  function.  Despite  the  many  modeling  studies  of 
photoconductivity  in  semiconductors  over  the  past  40  years,  there  have  been 
few  studies  of  the  transient  recombination  processes  occurring  under  the 
highly-excited  conditions  found  in  a  photoconductor  power  switch. 

V.  Carrier  Transit-Time  Effects 

There  are  a  number  of  carrier-relaxation  processes  associated  with  the 
transit  of  free  carriers  across  the  photoconductor.  These  processes  are 
critically  important  because  they  reduce  closing-switch  on-time. 

The  separation  of  electrons  and  holes  due  in  the  electric  field  in  the 
photoconductor  can  lead  to  the  build-up  of  space  charge.  Space  charge  build 
up  normally  occurs  because  carriers  lost  by  recombination  at  a  contact  are  not 
reinjected  at  the  other  contact.  The  resulting  space  charge  shields  the 
conductive  volume  of  the  photoconductor  from  the  applied  electric  field  thus 
shutting  off  current  flow.  Space  charge  build  up  in  a  photoconductor  has 
never  been  studied  for  the  transient  conditions  occurring  in  a  photoconductor 
power  switch. 

VI.  Ti.me-  and  Intensity-Dependent  Optical  Absorption 

During  excitation,  when  free  carriers  are  being  produced  in  the 
photoconductor  by  the  laser,  many  dynamical  effects  are  occurring 
simultaneously  that  dramatically  affect  switch  risetime  and  switch  efficiency. 

During  the  initial  phase  of  optical  excitation  the  Franz-Keldysh  etfect 
can  enhance  optical  absorption  because  of  the  high  electric  field  in  the 
photoconductor.  This  is  particularly  true  when  the  photon  energy  is  .lear  the 
bandgap  energy  of  the  photoconductor.  However,  as  the  electric  field 
collapses  the  enhanced  absorption  continuously  decreases. 

As  the  free  carrier  concentration  increases  during  excitation,  optical 


absorption  can  be  enhanced  due  to  a  bandgap  narrowing  called  the  Burstein 

shift.  Thle  is  important  when  the  photon  energy  is  close  to  the  bandgap 

17  -3 

energy  and  when  the  free  carrier  concentration  is  >10  cm 

Also,  as  the  free  carrier  concentration  increases  during  excitation, 
free-carrier  absorption  can  become  important.  If  the  free-carrier  absorption 
length  becomes  similar  to  or  shorter  than  the  band-to-band  absorption  length 
in  the  photoconductor,  switch  efficiency  is  compromised.  This  is  because 
photons  contribute  to  heating  the  free  carriers  rather  than  creating  free 
carriers. 

VII.  Filament  Formation 

Nonuniformities  in  the  photoconductor  during  conduction  can  lead  to  the 
formation  of  filaments  of  high  current.  These  filaments  experience  local 
thermal  runaway  and  can  lead  to  catastrophic  failure  of  the  device.  Filaments 
can  form  due  to  nonuniformities  in  the  photoconductor  material, 
nonuniformities  in  the  electric  field,  spatial  nonuniformities  in  the  laser 
excitation,  and  nonuniformities  in  the  contacts. 

Filaments  can  also  form  during  impact  ionization  breakdown  and  by  the 
pinch  effect  due  to  magnetic  fields. 
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Final  Report  Group  3 

Volume  and  Surface  Breakdown  Problems 
M.  D.  Pocha 
10/4/85 

Preliminary  considerations; 

The  study  of  volume  and  bulk  breakdown  in  high  voltage  solid  state 
devices  is  a  very  broad  field  with  many  potential  areas  of  work.  The  first 
step  taken  by  the  group  was  to  narrow  the  discussion  to  the  areas  v;hich  were 
felt  to  be  of  highest  priority.  It  appears  that  surface  breakdown  is  the 
limiting  factor  in  high  voltage  devices  since  several  researchers  have 
observed  arcing  along  the  surface  at  electric  field  values  as  low  as  0.2  -  0.4 
those  theoretically  needed  for  volume  breakdown.  Several  members  of  the 
group  reported  finding  that  a  field  lower  than  6x10^  V/cm  was  needed  to 
prevent  breakdown  of  either  a  silicon  orGaAs  switch.  If,  however,  the 
photoconductive  switch  was  replaced  by  a  dielectric,  like  quartz,  electric 
field  strengths  as  high  as  2x10^  V/cm  could  be  reached  before  arcing  was 
observed.  The  highest  breakdown  field  reported  for  a  switch  was  8x10®  V/cm 
for  a  silicon  switch  in  a  vacuum. 

We  also  concluded  that  surface  breakdown  Is  an  important  area  for  study 
to  all  classes  of  semiconductor  devices  including  junction  devices  such  as 
thyristors  and  diodes,  and  bulk  devices  such  as  photoconductive  switches. 
Surface  breakdown  is  the  limiting  factor  for  both  closing  and  opening 
switches. 

Physics  Concepts: 

We  next  attempted  to  identify  the  key  physical  mechanisms  that  could 
contribute  to  surface  breakdown  and  therefore  should  be  studied.  It  appears 
that  surface  breakdown  is  not  well  understood,  and  there  is  much  fundamental 
study  needed 

1 )  Surface  thermal  runaway  may  occur  at  lower  power  levels  than  bulk 
thermal  runaway  and  may  therefore  be  a  limiting  factor  for  high  voltage 
devices. 

2)  Avalanche  breakdown  at  the  surface  could  be  lower  than  in  the  bulk 
because  of  geometrical  effects  or  crystal  imperfect’ons  near  the  surface 
or  at  the  interface  between  the  bulk  semiconductor  and  surface  coatings. 


3)  Nonunlformities  may  exist  in  the  surface  electric  field,  again  due  to 
geometric  effects  or  crystal  imperfections.  Also  possible  nonuniformities 
in  conduction  and  charge  trapping  phenomena  could  contribute  to 
nonuniform  electric  fields. 

4)  Stray  emissions  of  optical,  secondary  electron,  or  R.F.  energy  from  other 
components  in  the  system  could  enhance  the  conductivity  at  the  surface 
and  lower  the  breakdown  voltage. 

5)  Charge  trapped  in  passivation  dielectric  coatings  could  cause  enhancement 
or  depletion  of  the  semiconductor  surface  and  contribute  to  lower 
breakdown. 

6)  Contact  effects  such  as  corona  or  charge  injection  may  be  a  factor  in 
initiating  surface  breakdown. 

Physics  issues: 

The  basic  purpose  of  the  study  of  surface  breakdown  is  to  find  a  way  to 
increase  it  to  a  value  higher  than  bulk  breakdown  so  that  it  is  no  longer  the 
limiting  factor.  For  comparison,  at  atmospheric  pressure,  in  a  high  breakdown 
strength  atmosphere  such  as  sulphur  hexafloride,  the  highest  reported  field 
with  a  switch  in  place  is  6x10"^  V/cm.  If,  in  the  course  of  research,  someone 
discovers  a  way  to  achieve  a  higher  field,  it  is  something  new  and  worthy  of 
publication. 

The  following  is  a  list,  in  approximate  order  of  priority,  of  the  physics 
issues  or  “things  to  do"  that  were  felt  to  be  important  by  the  group.  While 
surface  breakdown  is  important  to  all  classes  of  semiconductor  devices,  the 
group  felt  that  the  photoconductive  switch  is  the  simplest  device  to  fabricate 
and  therefore  the  most  appropriate  vehicle  for  this  study. 

1 )  Determine  intrinsic  bulk  breakdown  at  high  voltage.  The  numbers  used  for 
bulk  breakdown  are  extrapolated  from  measurements  of  ionization 
coefficients  at  low  voltage,  and  may  not  be  accurate  at  high  voltage.  A 
test  structure  with  very  long  surface  area  should  be  used  to  measure  and 
verify  bulk  breakdown  fields  in  high  resistivity  semiconductor  materials 
used  for  photoconductive  switches.  Carrier  lifetime  effects  may  also  be 
important  in  determining  breakdown  fields  and  should  be  studied. 

2)  Develop  experimental  procedures  and  map  surface  electric  field 
distributions,  especially  near  the  contact  regions,  to  cetermine  how 
ncnumform  they  are  and  to  find  techniques  for  making  them  more  uniform 


3)  Develop  non-destructive  testing  techniques  need  to  be  to  allow  many 
repeated  tests  to  be  performed  on  individual  samples,  thereby  eliminating 
sample  to  sample  variations  from  complicating  the  experiments.  One 
technique  suggested  was  to  use  thyristors  to  crowbar  the  current  once 
breakdown  is  initiated. 

4)  Develop  techniques  to  image  the  breakdown  (optically  or 
electromagnetically)  so  that  the  dynamics  of  the  process  could  be 
modeled. 

5)  Explore  the  effect  of  various  surface  coating  materials,  especially 
semi-insulating  or  superionic  (negative  photoconductivity). 

6)  Explore  the  time  dependence  of  breakdown.  If  pulse  bias  voltage  Is  applied 
at  time  scales  short  compared  to  the  dielectric  relaxation  time,  it  is 
conceivable  that  higher  electric  field  strength  could  be  achieved. 

Initially,  we  felt,  that  most  of  the  studies  should  be  experimental  to 
establish  a  working  data  base,  but  ultimately  a  sound  theoretical 
understanding  must  be  developed.  Development  of  theoretical  models  of  the 
breakdown  process  should  also  be  one  of  the  goals  of  any  future  work. 


Solid  State  Plasma  TVansport  and  Modelling 

M.  Gunderson 
K.  Jungling 

E.  Kunhardt,  Chairman 
J.  Meyer 
P.  William 

The  plasma  transport  and  modelling  group  sought  to  identify;  a)  the 
highest  level  of  detail  required  of  an  analytical  model  to  satisfactorily  describe 
the  dynamics  of  a  yet  to  be  determined  solid  state  switch  for  pulse  power  appli¬ 
cations,  b)  availability  of  fundamental  data  required  in  the  analytical  model,  c) 
physics  issues  that  need  to  be  addressed  in  this  area,  and  d)  numerical  tech¬ 
niques  and  algorithms  which  may  exist  to  analyze  similar  problems  in  other 
areas  and  that  may  be  applicable  to  this  problem.  These  four  topics  are  dis- 
cussed  below. 

It  was  agreed  that  the  carrier  (electrons  and  holes)  dynamics  in  a  solid 
state  switch  can  be  satisfactorily  described  by  macroscopic  equations  of  the  con¬ 
servation  type  (continuity  equations).  This  is  due  to  the  fact  that  in  a  semicon¬ 
ductor,  the  dominant  characteristic  time  scales  at  which  the  carrier  distributions 
approach  a  local  equilibrium  are  sufSciently  short  that,  for  the  time  scales  of 
Interest  in  pulse  power,  transport  and  rate  parameters  (such  as  mobility,  ioniza¬ 
tion  rate,  etc.)  are  well  defined.  The  question  then  is,  are  these  transport 
coefficients  and  rate  parameters  (to  be  called  "macroscopic  parameters”)  known 
as  a  function  of  electric  field  and  material  properties?  If  not,  how  can  they  be 
determined? 

In  pulse  power  applications,  carrier  densities  in  solid  state  switching  devices 
are  >lo‘®cm"^.  At  these  densities,  carrier-carrier  scattering  plays  an  Important 
role  in  shaping  the  carrier  distribution  functions.  Thus,  the  macroscopic  param¬ 
eters  are  also  dependent  on  the  carrier  concentration.  Analytic  expressions 


role  in  shaping  the  carrier  distribution  functions.  Thus,  the^macroscopic  param¬ 
eters  are  also  dependent  on  the  carrier  concentration,  Analjaic  expressions 
and/or  experimental  values  for  these  parameters  are  known  for  some  materials. 
This  information,  however,  pertains  primarily  to  the  low  carrier  density  regime. 
A  data  base  of  transport  and  rate  coefficients  as  a  function  of  field,  material  and 
carrier  density  need  to  be  developed  for  use  in  pulse  power  applications.  Tools 
are  available  to  provide  this  information.  It  entails  the  solution  of  kinetic  equa¬ 
tions  for  the  carrier  distributions  taking  carrier-carrier  scattering  into  account. 
This  approach  requires  the  knowledge  of  the  v'arious  carrier  scattering  crossec- 
tlons.  These  crossectlons  are  in  general  known,  except  for  the  trapping  crossec- 
tion.  In  any  case,  a  crossection  data  base  should  also  be  developed.  In  addi¬ 
tion,  attention  should  be  given  to  obtaining  the  unknown  crossectlons  for  the 
materials  of  Interest. 

Given  the  analytical  framework,  what  are  the  physics  Issues  that  need  to  be 
addressed?  We  focused  on  three  Issues.  These  are:  1)  carrier  (plasma)  dynam¬ 
ics  at  high  densities  and  high  fields  in  the  bulk  and  in  the  contact  regions,  2) 
filamentation  instabilities,  and  3)  the  tailoring  of  the  transport  properties  and 
rate  parameters.  The  relevance  of  these  topics  are  discussed  subsequently. 

A  major  problem  in  the  development  of  high  power  solid  state  switching 
devices  is  surface  breakdown.  The  threshold  voltage  for  breakdown  along  a 
semiconductor-insulator  interface  appears  to  be  low’er  than  along  a  surface 
between  two  insulators.  What  Is  it  about  a  semiconductor  that  causes  this 
lowering  of  the  surface  fiashover  voltage?  Does  the  carrier  distribution  play  a 
role  in  this?  For  example,  the  carrier  distributions  in  configuration  space  (free 
and  bound)  immediately  after  the  voltage  is  applied  to  a  device  may  affect  the 
field  distribution  in  a  manner  that  lowers  the  threshold  voltage  for  surface 


fiashover. 


Given  that  the  device  holds  off  the  applied  voltage,  the  study  of  the 
switching  cycle  (off-on-off)  entails  an  investigation  of  carrier  dynamics  in  a 
semiconductor  including  space-charge  fields  and  trap  dynamics.  Particular 
attention  should  be  directed  to  the  contact  regions  (and  Junctions  if  present), 
since  in  these  regions  large  fields  are  normally  present,  thus  enhancing  the  pro¬ 
bability  that  instabilities  develop.  These  instabilities  may  lead  to  filamentailon 
and  subsequently  to  device  failure. 

The  analysis  of  the  switching  cycle  should  be  done  in  more  than  one 
dimension  (l-D),  since  geometric  effects  only  appear  in  such  situations.  These 
effects  are  in  general  very  important.  Previous  Investigations  of  carrier  dynam¬ 
ics  in  solids  have  been  restricted  to  the  low  density  range,  where  space-charge 
fields  and  trap  dynamics  need  not  be  taken  into  account  and  to  l-D. 

The  maximum  length  of  the  on  state  of  a  switching  device  is  in  general 
restricted  by  the  formation  of  instabilities  which  lead  to  device  failure.  Of 
importance  are  instabilities  which  lead  to  the  formation  of  current  filaments. 
Since  these  instabilities  will  eventually  determine  the  range  of  pulse  lengths  for 
which  solid  state  devices  may  be  used,  it  is  important  to  understand  the  thres¬ 
hold  conditions  and  growth  rates  of  these  instabilities.  Verj-  little  is  known 
about  them. 

The  role  of  space-charge  redistribution  and  impact  ionization  in  the  opera¬ 
tion  and  stability  of  a  device  should  also  be  considered.  Moreover,  from  a 
practical  point  of  view,  "power  loading”  curves  should  be  obtained.  That  is. 
curves  that  show  the  maximum  current  (or  power)  that  a  device  can  carry  for  a 
given  length  of  time  before  destructive  instabilities  develop.  This  will  help  in 
mapping  out  the  parameter  space  for  which  a  given  device  may  be  used  (until 
the  phenomena  is  better  understood  and  perhaps  techniques  are  developed  for 
expanding  the  domain  of  operation). 
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A  final  topic  of  discussion,  and  one  that  attracted  considerable  attention 
was  that  of  the  tailoring  of  the  transport  properties  and  rate  coefficients  of  a 
semiconductor.  That  is,  by  manipulating  the  carrier  distribution  in  (r,«)  space 
as  a  function  of  electric  field,  the  macroscopic  parametere  can  be  made  to  have 
a  desired  field  dependence.  The  manipulation  can  be  either  active  or  passive. 
Active  manipulation  implies  the  use  of  external  agents  (photons,  electric 
and/or  magnetic  fields)  to  change  the  scattering  processes  or  the  carrier  trajec¬ 
tories  and  thereby  changing  the  distribution  function.  Passive  manipulation 
implies  that  non-uniformities  in _r  (such  as  in  hetero-structures)  and/or  the  pro¬ 
perties  in  k  space  of  the  scattering  centers  are  initially  arranged  so  as  to  achieve 
a  desired  field  dependence  of  the  macroscopic  parameters.  The  tailoring  in  k 
space  will  require  detail  knowledge  of  the  scattering  crossections.  This 
"engineering”  of  the  properties  of  the  medium  may  be  useful  for  a  number  of 
applications.  The  group  recommended  that  the  physics  issues  that  were  dis¬ 
cussed  should  be  directed  at  understanding  the  physics  of  three  promissing 
technologies:  high  power  photo  conductor  switches,  Fast  SCR’s,  and  DI^ 
switches. 

It  was  agreed  that  numerical  techniques  and  algorithms  exist  that  can 
readily  be  modified  and  used  in  these  investigations,  if  the  incentive  exists. 
Finally,  any  investigation  should  provide  the  fundamental  limitations  of  any 
given  technology  and  the  scaling  laws  for  Increasing  the  power  handling  capabil¬ 
ities  f  a  given  device. 
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